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Parsnips	 (Pastinaca	 sativa)	 are	a	 speciality	 crop,	 covering	3000	hectares	across	
the	 UK,	 with	 a	 93,000-tonne	 production	 and	 economic	 value	 of	 greater	 than	
£31M	 annually.	 Currently,	 the	 major	 constraints	 to	 production	 are	 losses	
associated	with	root	canker	disease,	caused	by	a	range	of	fungal	pathogens.	With	
no	 specific	 fungicides,	 development	 of	 long-term,	 sustainable	 resistance	 to	




Isolations	 and	molecular	 characterisation	 of	 pathogens	 responsible	 for	 parsnip	
canker	highlighted	a	range	of	fungal	species,	whilst	canker	symptoms	were	found	
to	 be	 clearly	 associated	 with	 certain	 pathogens.	 Cylindrocarpon	 destructans,	






temperatures;	 furthermore,	 molecular	 characterisation	 failed	 to	 differentiate	
between	 species.	 For	 these	 reasons,	 Itersonilia	 should	be	described	as	 a	 single	
species.		
	
For	 both	 C.	 destructans	 and	M.	 acerina,	 isolates	 showed	 minimal	 variation	 in	
pathogenicity	 on	 parsnip	 roots	 and	 seedlings,	 and	 exhibited	 mycelial	 growth	
even	at	low	temperatures.	Phylogenetic	analysis	identified	a	species	complex	for	





analysis	 of	 a	 parsnip	 genotyping	 population	 identified	 a	 significant	 QTL	















have	 potential	 antimicrobial	 effects	 against	 common	 food	 spoilage	





2015),	but	modern	agricultural	practises	have	 led	 to	dependence	upon	a	 small	
selection	of	domesticated	species	(Grandillo	et	al.,	2007).	
	
Parsnips	 (Pastinaca	 sativa)	 are	 part	 of	 the	 Apiacae	 family,	 a	 predominantly	
aromatic	 group	 consisting	 primarily	 of	 herbs	 (Ostertag	 et	 al.,	 2002;	 Dirmenci,	
2008),	and	other	economically	 important	crops	 including	carrot	 (Daucus	carota	




and	 Greeks	 (Hendrick,	 1919).	 Upon	 the	 collapse	 of	 the	 Roman	 Empire	 many	
vegetables	 were	 lost	 from	 agriculture,	 and	 the	 Parsnip	 was	 not	 widely	 grown	
again	until	the	Renaissance	era	in	the	mid	13th	Century	(Laws,	2004;	Surhone	et	
al.,	 2010).	 The	 fuller	 fleshy	 forms	 we	 are	 more	 familiar	 with	 were	 developed	
during	the	Middle-Ages	(Trager,	1970;	McGee,	1984)	after	which	the	species	was	




the	 potato	 as	 a	 new	 source	 of	 starch	 in	 the	 early	 1600s	 (Hawkes	 &	 Franciso-
Ortega,	 1993),	 saw	 the	 parsnip	 gradually	 decrease	 in	 popularity	 (Cain	 et	 al.,	
2010).	 Following	 the	 global	 spread	 of	 the	 parsnip,	 it	 was	 naturalised	 from	
cultivation	in	many	countries	and	reverted	to	a	phenotype	similar	to	that	of	the	
wild-type	species.	Two	varieties	var.	sativa	and	var.	pratensis	are	now	frequently	
regarded	 as	 noxious	 weeds	 (Kartesz,	 1994)	 due	 to	 the	 terpenes	 and	
furanocoumarins	within	the	sap	that	react	with	the	sunlight	when	in	contact	with	
the	 skin.	 This	 phytophotodermatitis	 reaction	 produces	 blisters,	 a	 rash	 and	
occasionally	 a	 permanent	 scaring	 of	 the	 tissue	 in	 a	 similar	 manner	 to	 other	
umbelliferous	 crops	 such	 as	 celery	 and	 parsley	 (Petroselinium	 crispum)	
(Engelberth,	 2006).	 This	 has	 led	 to	 some	 countries	 actively	 controlling	 wild	






that	 can	 grow	 to	 a	 depth	 of	 1.5	 m	 under	 suitable	 conditions	 (Gleason	 &	
Cronquist,	1991).	With	age	 the	 taproot	may	become	branched,	wiry	and	 tough	
(Cain	 et	 al.,	 2010);	 the	 flavour	 and	 quality	 of	 the	 root	 may	 also	 decrease	
(Shattuck	 et	 al.,	 1989).	 Rosettes	 grow	 close	 to	 the	 soil	 surface	 and	 develop	
alternate,	 pinnately	 compound	 leaves	 that	 can	 grow	 up	 to	 15	 cm	 in	 length	
(Averill	 &	 DiTommaso,	 2007).	 Flowering	 stems	 are	 hollow	 with	 sparse	 hairs,	
growing	 up	 to	 a	 height	 of	 40-200	 cm	 with	 alternate	 broad	 leaves	 (Gleason	 &	
Cronquist,	 1991).	 Inflorescences	 are	 large,	 compound,	 determinate	 umbels	
approximately	10-20	cm	wide	(Cain	et	al.,	2010).	Petals	are	yellow,	with	small	or	
no	sepals;	fruits	contain	two	flattened	mericarps	each	with	one	seed	(Hendrix	et	




to	 eight	 weeks	 in	 the	 field,	 significantly	 longer	 than	 most	 other	 crops,	 with	
percentage	emergence	also	typically	lower	than	equivalent	crops.	Hendrix	(1984)	
also	 found	 that	 smaller	 seeds,	 those	 from	 lower	 umbels	 or	 plants	 of	 a	 smaller	
size,	 germinated	 more	 quickly	 than	 larger,	 heavier	 seeds.	 Once	 seedlings	 are	
established,	true	leaves	develop	during	the	summer	via	a	period	of	rapid	growth.	
Vegetative	 growth	 dies-off	 over	 winter,	 leaving	 only	 the	 vegetative	 root.	 It	 is	














Within	 the	 UK,	 large-scale	 production	 of	 parsnips	 can	 mostly	 be	 found	 in	






that	 is	 required	 to	 develop	 their	 unique	 flavour	 and	 size.	 Roots	 accumulate	
sugars	 including	 sucrose,	 glucose	 and	 fructose	 more	 rapidly	 at	 temperatures	
close	 to	0°C.	As	 such,	 roots	 for	human	 consumption	are	 rarely	 grown	 in	warm	
climates,	 where	 crop	 production	 is	 instead	 generally	 aimed	 at	 livestock	 feed	
(Shattuck	et	al.,	1989;	personal	communication).	The	roots	typically	grow	best	in	
sandy,	 loamy	soil	that	exhibits	good	drainage	(Surhone	et	al.,	2010);	clay,	rocky	
soil	 increases	 the	 chance	 of	 fanged,	 short	 roots	 unsuitable	 for	 the	 consumer	






Parsnips	 are	 susceptible	 to	 a	 range	 of	 pests	 and	 diseases,	 although	 the	 high	





are	 Itersonilia	 pastinacae,	 Phoma	 complanata	 (Tode)	 Desm.,	 Cylindrocarpon	
destructans,	 Mycocentrospora	 acerina,	 Alternaria	 sp.,	 Botrytis	 cinerea	 Pers.,	
Cladosporium	 cladosporioides,	 Fusarium	 sp.,	 Epicoccum	 nigrum,	 Pythium	 sp.,	
Rhizoctonia	 sp.	 and	Sclerotinina	 sclerotiorum	 (Cain	et	 al.,	 2010;	Channon	1963,	
1965,	 1969).	 In	 addition	 to	 fungal	 pathogens	 a	 range	 of	 other	 pests	 have	 also	
been	implicated	in	parsnip	crop	losses.	Amongst	the	most	destructive	insects	for	
growers	are	the	carrot	root	fly	(Chamaepsila	rosae),	a	dipteran	fly	larvae	feeding	
on	 the	 taproot	 causing	 small	 brown	 tunnels	on	 the	outer	 skin	of	mature	 roots	
(Wheatley	 &	 Freeman,	 1982),	 and	 the	 parsnip	 webworm	 (Depressaria	
pastinacella),	 whose	 larvae	 feed	 off	 foliage	 and	 developing	 inflorescences.	











consisting	 primarily	 of	 yeasts	 from	 cold	 climates	 (Millanes	 et	 al.,	 2011).	 The	
genus	was	originally	described	by	Derx	(1948)	and	comprised	of	only	one	species,	
I.	 perplexans	 Derx.,	 isolated	 from	 an	 infected	 leaf	 of	 Hollyhock	 (Alcea	 rosea).	
Later	 Nyland	 (1949)	 added	 a	 second	 species,	 I.	 pyriformans,	 but	 these	 two	
species	were	 soon	 considered	 conspecific	 (Olive,	 1952;	 Tubaki,	 1952;	 Sowell	&	
Korf,	 1960).	 The	 final	 species,	 I.	 pastinacae,	 was	 described	 by	 Channon	 (1963)	
after	 its	 isolation	 from	 diseased	 parsnip	 tissue.	 However,	 because	 of	
‘interspecific’	mating	reactions	the	existence	of	three	separate	species	is	strongly	
questioned	 (Boekhout,	 1991).	 The	 key	 difference	 between	 I.	 perplexans	 and	 I.	
pastinacae	 was	 the	 presence	 of	 thick	 walled	 chlamydospores	 only	 within	 I.	
pastinacae	 isolates	 (Channon,	 1963).	 However,	 Boekhout	 (1991)	 noted	 that	
strains	 isolated	 from	 Chrysanthemum,	 Parsnip,	 Anemone	 and	 Dahlia	 all	
contained	 Chlyamdospores,	 indicating	 this	 was	 not	 an	 adequate	 method	 for	
differentiating	between	Itersonilia	strains.	
	
Itersonilia	 spp.	 were	 identified	 as	 the	 primary	 cause	 of	 black	 canker	 within	
parsnip	 crops	 (Channon,	 1963);	 it	 is	 additionally	 known	 to	 cause	 a	 range	 of	
symptoms	on	a	variety	of	other	plant	species,	including	but	not	limited	to:	other	
members	of	the	Apiacae	family	such	as	Dill	 (Anethum	graveolans:	McGovern	et	
al.,	 2006),	Parsley	 (Petroselinum	crispum),	 Coriander	 (Coriandrum	sativum)	 and	
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Itersonilia	 spp.	 are	 dimorphic	 fungi	 with	 a	 fungal	 and	 yeast	 phase	 of	 growth	
(Ingold,	1983).	It	is	distinguished	by	the	presence	of	mycelium	with	ballistospores	
and	chlamydospores.	The	 fungal	 stage	 is	 characterised	by	abundant	white,	 low	
aerial	mycelium	when	 grown	 on	 2	%	malt	 agar	 (Ingold,	 1983).	 There	 are	 clear	
clamp-connections	at	the	septa,	with	basal	clamp	sporogenous	cells	at	the	end	of	
lateral	 submerged	 mycelial	 branches	 (Olive,	 1952).	 When	 the	 hyphae	 break	
through	the	surface	of	the	agar,	the	tip	narrows	to	form	a	speculum	from	which	
the	 aerial	 ballistospore	 develops	 (Ingold,	 1983).	 Once	 a	 sporogenous	 cell	 has	
become	exhausted,	 the	hypha	below	will	 immediately	 produce	 another,	which	
may	 be	 repeated	 several	 times	 leading	 to	 the	 formation	 of	 a	 cluster	 of	
sporogenous	 cells.	 Ballistospores	 are	 discharged	 by	 the	 formation	 of	 a	 water	
drop	at	the	hilar	appendix	of	the	spore	whilst	perched	on	the	sterigma.	Contact	
between	 the	 water	 drop	 and	 spore	 wall	 leads	 to	 wetting	 of	 the	 spore	 wall	
resulting	in	a	redistribution	of	the	centre	of	mass	of	the	spore,	this	redistribution	
of	mass	causes	 the	separation	of	 the	spore	 from	the	sterigma.	Once	separated	
from	 the	 sterigma,	 the	water	 spreads	 over	 the	 entire	 spore	wall	 resulting	 in	 a	
negative	charge	across	the	spore	wall,	and	this	electrical	repulsion	between	the	
spore	 and	 sterigma	 causes	 the	 spore	 to	 be	 propelled	 (Webster	 et	 al.,	 1984;	
Pringle	 et	 al.,	 2005).	 Itersonilia	 also	 produces	 chlamydospores,	 described	 as	
thick-walled	resting	spores.	These	subspherical,	smooth	bodies	occur	within	the	
agar,	 either	 in	 intercalary	 or	 terminal	 position	 (Ingold,	 1986).	 Chlmaydospores	
usually	occur	singularly,	or	in	rows	of	2-4	leading	to	a	chain	of	spores,	the	oldest	
appearing	first	(Ingold,	1986).	These	cells	have	a	thickened	cell	wall,	and	whilst	in	
dikaryophase	 form	 a	 clamp	 connection	 that	 is	 lacking	 in	 monokaryophase	





In	 older	 cultures,	 sporogenous	 cells,	 instead	 of	 producing	 a	 ballistospore,	may	
give	 rise	 to	a	pear-shaped	conidium.	This	 conidium	 is	 readily	detachable	either	
on	 the	 surface	 or	 within	 the	 agar	 and	 increases	 through	 budding,	 resulting	 in	
yeast-like	developments	within	the	mycelial	colony	(Ingold,	1983).	These	yeast-
like	 colonies	 have	 a	 slower	 growth	 rate	 (0.2	mm	 /	 day	 at	 20°C)	 than	mycelial	






al.,	 2006;	 Channon,	 1963;	 Horita	 &	 Yasuko,	 2002).	 The	 foliar	 transmission	 is	
dependent	 on	 the	 production	 of	 ballistospores,	 which	 are	 forcibly	 discharged	
from	 the	 surface	 of	 the	 seed	 to	 the	 surrounding	 foliage,	where	 they	 land	 and	
form	lesions.	These	lesions	in	turn	develop	ballistospores,	which	are	discharged	
to	land	on,	and	infect,	new	seedlings.	As	the	seedlings	mature	and	develop,	the	
ballistospores	 coat	 the	 newly	 formed	 seed	 completing	 the	 cycle	 of	 foliar	
transmission.	 The	 transmission	 of	 Itersonilia	 to	 the	 parsnip	 root	 is	 not	 fully	










and	 Fennel	 (Foeniculum	 vulgare),	 Itersonilia	 is	 responsible	 for	 leaf	 blight	
symptoms	 causing	 foliage	 to	 turn	 brown/yellow	 through	 necrosis.	 Leaf	 blight	
symptoms	 become	 increasingly	 worse	with	wet	 weather.	 Growers	 noting	 high	




isolations	 from	 diseased	 tissue	 of	 infected	 parsnip	 roots	 (Channon,	 1965).	 The	
root	 lesions	associated	with	 I.	 pastinacae	 have	a	dark	brown/black	 colouration	
and	appear	on	the	crown	and	shoulder	of	the	root	during	the	autumn	and	winter	
(Channon,	 1963).	 Surface	 tissues	 appear	 ruptured	 and	 underlying	 parenchyma	







Figure	 1.2	 –	 Itersonilia	sp.	 symptoms.	 (A)	Dill	 infected	with	 Itersonilia	 sp.	 foliar	
symptoms	 include	 brown/yellow	 leaf	 blight.	 (B)	 Parsnip	 leaf	 infected	 with	
Itersonilia	sp.,	 foliar	 symptoms	 include	brown	necrotic	 lesions	 surrounded	by	a	
green/yellow	halo.	Necrotic	areas	eventually	fall	away	leaving	an	exposed	hole	in	







Mycocentrospora	 acerina	 (Hartig.)	 Deighton	 is	 a	 soil-borne,	 polyphageous	
ascomycete	 from	the	order	Capnodiales	 (Hermansen,	1992),	a	group	consisting	
primarily	 of	 sooty	 moulds	 but	 also	 lichens	 and	 plant	 pathogens	 (Crous	 et	 al.,	



















M.acerina	 is	 prevalent	 in	 temperate	 areas	 of	 Europe,	 North	 America,	 New	
Zealand	and	Australia	(Neergaard	&	Newhall,	1951).	It	is	known	to	affect	up	to	90	
plant	species	 including	ornamentals,	weed	species	such	as	 field	and	wild	pansy	
(Viola	 arvensis,	 Viola	 tricolor),	 cleavers	 (Galium	 aparine),	 creeping	 buttercup	
(Ranunculus	repens),	hedge	nettle	 (Stachys	palustris)	 (Hermansen,	1992),	and	a	
	 11	
number	 of	 economically	 important	 crops.	 Amongst	 those	 of	 economic	
importance	 are	 lettuce	 (Lactuca	 sativa)	 and	 multiple	 Umbelliferous	 crops	




crops	 are	 morphologically	 identical	 (Neergaard	 &	 Newhall,	 1951;	 Iqbal	 &	
Webster,	 1969).	 In	 culture	 the	mycelium	 is	 superficial	 and	 immersed,	 septate,	
branched	and	hyaline	sized	between	4-8	μm;	chlamydospores	are	present,	and	
are	 usually	 brown	 in	 colour	with	 a	 diameter	 of	 17-30	 μm;	 usually	 occurring	 in	
chains	of	between	8-15	cells.	M.	acerina	is	also	characterised	by	producing	large	
septate	condidia	of	150-200	μm	long	and	up	to	8-15	μm	thick	along	the	widest	
portion	 (Sutton	 &	 Gibson,	 1977).	 Chlamydospores	 are	 long-lived	 survival	





rot	 on	 carrots	 and	 celery.	 Relatively	 little	 is	 known	 about	 the	 survival	 and	
development	 of	 the	 fungus	 (Wall	 &	 Lewis,	 1980;	 Hermansen,	 1992)	 but	 soil	 is	
considered	to	be	the	main	source	of	M.	acerina	 inoculum.	Wall	&	Lewis	 (1980)	
suggested	 chlamydospores	 and	 pigmented	 mycelium	 surviving	 in	 naturally	
infested	 soils	 are	 causing	 transmission	 of	M.	 acerina	 due	 to	 the	 high	 positive	
correlation	between	levels	of	chlamydospores	in	the	soil	at	the	time	of	planting	
and	subsequent	infection	upon	harvest	(Wall	&	Lewis,	1980).	Current	thought	is	
that	 chlamydospores	 and	mycelial	 fragments	within	 the	 soil	 attach	 to	 the	 root	
and	 crown	 of	 carrots	 and	 celery	 leading	 to	 the	 transmission	 of	 infection	
(Hermansen	et	al.,	1997).	As	M.	acerina	is	unable	to	grow	through	soil	except	in	
the	 host,	 rhizosphere	 proximity	 of	 seedlings	 to	 clumps	 of	 chlamydospores	 is	
likely	to	be	the	primary	means	of	host	contact.	This	is	thought	to	be	even	greater	
	 12	
if	 root	 wounding	 is	 present	 (Davies	 et	 al.	 1981).	 However,	 passive	 forms	 of	
dispersal	 via	 chlamydospore	 spread	 when	 ‘earthing-up’	 during	 the	 growing	
season,	 and	 splash	 dispersal	 from	 conidia	 are	 also	 possible	 sources	 of	
transmission	 (Wall	&	 Lewis,	 1979).	 There	 is	 also	potential	 for	M.	acerina	 to	be	







with	 purplish-black	 diseased	 tissue.	 As	 the	 infection	 progresses	 the	 subsurface	









Figure	 1.3	 –	Mycocentrospora	 acerina	 symptoms.	 (A)	M.	 acerina	 infected	wild	
pansy	 (Viola	 tricolor);	 foliar	symptoms	 include	black	 lesions	 (Royal	Horticultural	
Society,	 2016).	 (B)	 Carrot	 infected	 with	 M.	 acerina,	 symptoms	 include	









lesions	 develop	 at	 the	 base	 of	 the	 petioles	 and	 are	 commonly	 referred	 to	 as	
crown	 rot	 (Koike	 et	 al.,	 2007).	 Within	 wild	 hosts,	 M.	 acerina	 is	 more	
distinguishable	 by	 foliar	 symptoms	 including	 black,	 irregular	 lesions	 on	 the	
leaves,	 and	 petioles.	 In	 the	 case	 of	 wild	 and	 field	 pansy	 (Viola	 arvensis,	 Viola	







spp.	 are	 considered	 minor	 pathogens,	 C.	 destructans	 is	 known	 to	 have	 a	
significant	 economic	 impact	 on	 crops	 such	 as	 ginseng	 (Panax	 quinquefolium),	





associated	 with	 root	 rot	 disease	 symptoms	 on	 a	 range	 of	 hosts	 (Samuels	 &	
Brayford,	 1990;	 Cabral	 et	 al.,	 2012;	 Lombard	 et	 al.,	 2015).	 Many	 anamorphs,	
teleomorphs	 and	 synonyms	 exist	 for	 Cylindrocarpon,	 and	 Cylindrocarpon–like	
spp.	 This	 has	 led	 to	 some	 confusion	 in	 understanding	 and	 describing	 fungal	
species	responsible	for	specific	host	symptoms	(Lombard	et	al.,	2015;	Cabral	et	
al.,	 2012),	 such	 that	 now	 species	 identity	 is	 generally	 confirmed	 through	























Due	 to	 the	 number	 of	 synonyms	 and	 anomorphs	 of	C.	 destructans	 there	 have	
been	many	 changes	 to	 the	 specific	 characteristics	 that	 define	 the	 species	with	
the	most	 recent	 and	 detailed	 study	 by	 Cabral	et	 al.	 (2012).	 Conidiophores	 are	
mostly	simple,	being	solitary	or	loosely	aggregated,	1-4	septate,	40-80	μm	long.	
Maroconidia	formed	on	both	simple	and	complex	conidiophores	are	1-3	septate,	







is	a	 rapidly	growing	 fungus,	capable	of	growing	 	at	 low	nutrient	concentrations	
and	 at	 low	 oxygen	 levels;	 it	 has	 been	 found	 at	 a	 soil	 depth	 of	 up	 to	 63	 cm	
	 15	
(Garrido	et	al.,	 2004;	Matturi	&	Stenton,	1964).	 The	 species	 is	 thought	 to	be	a	
pioneer	colonizer	due	to	its	rapid	germination	and	mycelial	growth,	and	its	ability	
to	use	organic	 and	 inorganic	nitrogen	 sources	 (Brayford,	 1992).	Cylindrocarpon	
survives	in	the	soil	as	mycelium,	conidia	or	chlamydospores,	the	latter	of	which	
can	 survive	 for	 several	 years	 (Taylor,	 1964).	 When	 conditions	 are	 favourable,	
chlamydospores	 germinate,	 produce	 hyphae	 and	 grow	 towards	 host	 roots	
(Horsfall	&	Dimond,	1960).	It	is	thought	that	the	growing	pathogen	also	produces	
conidia,	which	germinate	in	the	soil	increasing	the	inoculum	potential	(Horsfall	&	
Dimond,	 1960).	 It	 is	 thought	 that	 C.	 destructans	 enters	 roots	 through	 natural	
openings	 such	 as	 secondary	 root	 hairs,	 or	 through	 wounding	 from	 insects	 or	
nematodes	(Scheck	et	al.,	1998).	The	disease	is	often	observed	affecting	lines,	or	
patches	within	 a	 crop	 suggesting	 the	 infection	 spreads	 to	 neighbouring	 plants;	





epidermis	 of	 the	 crown	 and	 shoulder	 of	 the	 root;	 according	 to	 the	 literature	
these	can	appear	black/brown	with	orange	 flecks,	 similar	 to	cankers	caused	by	
Itersonilia	 spp.	 or	 orange	 in	 colour	 (Channon	 &	 Thomson,	 1981;	 McPherson,	
2013).	Whilst	some	cankers	appear	as	bruises	with	undamaged	epidermis	tissue,	













Figure	 1.4	 –	 Cylindrocarpon	 destructans	 symptoms.	 (A)	 Cylindrocarpon	
destructans	 infected	 parsnip	 root,	 orange/brown	 epidermal	 lesions.	 (B)	 C.	




C.	 destructans	 symptoms	 on	 other	 host	 plants	 have	 similar	 symptoms	 of	
discoloured,	 disrupted	 tissues.	 In	 ginseng	 symptoms	 appear	 as	 orange/brown	
root	rot	that	can	affect	both	seedling	and	mature	plants	(Seifert	et	al.,	2003).	In	
grapevine,	 spruce	 and	 pine	 species,	 black-foot	 disease	 is	 characterized	 by	
discoloured	internal	tissues,	including	the	xylem	(Rego	et	al.,	2001;	Dumroese	et	
al.,	2000).	Unlike	some	pathogens,	Cylindrocarpon	appears	to	be	isolated	to	the	





fungal	 pathogens	 the	 literature	 cites	 as	 being	 a	 causative	 agent	 in	 parsnip	
canker.	Phoma	spp.	were	found	to	be	a	cause	of	canker	by	Channon	(1963a),	the	




symptoms,	 although	 no	 foliar	 symptoms	 had	 been	 identified	 in	 the	 field	
(Channon,	 1963a).	 Further	 studies	 by	 Cerkauskas	 (1985)	 and	 then	McPherson	
(2013)	 also	 found	 Phoma	 spp.,	 specifically	 Phoma	 complanata,	 to	 be	 causing	
lesions	in	parsnips.	
	
Another	 key	 pathogen	 implicated	 in	 parsnip	 disease	 is	 Pythium	 spp.	 This	
oomycete	has	a	wide	host	range	affecting	a	number	of	economically	 important	
crops,	causing	a	range	of	symptoms	including	root	lesions	and	seedling	damping-




P.	 ultimum,	P.	 sulcatum,	P.	 irregular	 and	P.	 dissotocum	 all	 being	 found	within	
parsnip	 crops.	 However,	P.	 intermdium	 and	P.	 sulcatum	 were	 found	 to	 be	 the	




Other	 pathogens	 such	 as	 Fusarium	 spp.,	 Rhizoctonia	 spp.	 and	 Alternaria	 spp.	
have	 been	 isolated	 from	 parsnip	 root	 disease;	 however,	 there	 is	 no	 current	
research	 describing	 the	 extent	 to	 which	 these	 pathogens	 are	 responsible	 for	









In	 recent	 years	 the	 parsnip	 industry	 has	 reported	 high	wastage	 figures	 due	 to	
parsnip	canker	with	average	crop	losses	of	20%	(McPherson,	2013),	although	in	
some	years	this	value	has	been	significantly	higher	with	growers	reporting	up	to	
80%	crop	 losses	 (McPherson,	2013).	These	 losses	are	generally	associated	with	
fungal	pathogens	including	I.	pastinacae,	(Channon,	1963a)	M.	acerina	(Channon,	
1965)	 and	 C.	 destructans	 (Channon	 &	 Thomas,	 1981).	 Changes	 in	 weather	
conditions	are	thought	to	have	an	impact	on	the	prevalence	of	parsnip	canker;	it	
has	been	noted	that	cold	damp	seasons	lead	to	a	greater	number	of	infections	in	
both	 wild	 type	 and	 modern	 cultivars	 (Wilkinsons,	 1952),	 and	 a	 high	 summer	
rainfall	will	 directly	 correlate	 to	 an	 increase	 in	 canker	 incidence	 (Brown	 et	 al.,	
1964).	 	 Channon	 (1964)	 suggested	 a	 number	of	 cultural	 practices	 to	 aid	 in	 the	
prevention	 of	 parsnip	 canker.	 These	 included	 early	 sowings	 to	 encourage	 root	
establishment	 prior	 to	 winter,	 ensuring	 the	 crown/shoulder	 of	 the	 root	 is	 not	
exposed,	and	increasing	spacing	when	sowing.	These	practices	indicated	a	minor	
reduction	 in	 canker	 prevalence	 but	 did	 not	 result	 in	 an	 increase	 to	 crop	 yield	
(Channon,	1964;	Brown	&	Nourish,	1964).		
	
There	 are	 currently	 no	 specific	 fungicides	 licensed	 for	 the	 control	 of	 parsnip	
canker.	There	are,	however,	some	fungicides	available	for	use:	Amistar	(200	g	/	l	




al.	1997).	As	an	alternative	 to	chemical	control	Gladders	et	al.	 (1997),	 tested	7	
biopesticides	including	Prestop	(500	g	/	1000	L)	and	Serenade	(200	ml	/	1000	L)	
against	Cylindrocarpon,	Pythium,	Phoma	and	Fusarium	spp.	None	were	shown	to	





the	 potential	 of	 seed	 treatments	 in	 preventing	 the	development	 of	 both	 foliar	
and	root	symptoms	(Channon,	1969).	However	these	have	been	inconclusive	so	
far	due	to	the	phytotoxic	effects	of	some	fungicides	(UK226:	tebuconazole	2.75	g	
/	 100,000	 seed)	 combined	 with	 dry	 seasons	 leading	 to	 naturally	 low	 levels	 of	








in	 the	 soil	 (Hermansen	et	 al.,	 1997).	 Research	 carried	 out	 into	 specific	 control	
methods	for	C.	destructans	on	parsnip	by	McPherson	(2013)	found	Amistar	and	
Vivid	 (azoxystrobin	 &	 pyraclostrobin	 at	 2,	 20	 and	 100	 ppm)	 showed	 good	
potential	 for	 controlling	 mycelial	 growth	 during	 agar-plate	 tests,	 and	 reduced	
damping-off	 in	 in-vivo	 pot	 trials,	 but	 suggested	 the	need	 for	 further	 field	 trials	
due	to	low	canker	incidence	(McPherson,	2013).	As	a	result,	there	is	a	desire	for	
alternative	control	such	as	plant	resistance.	Resistant	lines	to	parsnip	canker	are	
commercially	 available,	 such	 as	 Avonresister,	 bred	 through	 continuous	 field	
selection	 for	 resistance	 to	 field	 canker	 caused	 by	 Itersonilia,	Mycocentrospora	
and	 Phoma	 spp.	 However,	 market	 requirements	 for	 quality	 agronomic	
performance	limit	the	cultivars	available.	As	such,	growers	are	dependant	on	the	
use	 of	 fungicides	 and	 crop	management	 practices	 to	 reduce	 canker	 incidence	
(Gladders	 et	 al.,	 1997).	 However,	 modern	 breeding	 in	 large	 acre	 crops	 now	
utilises	 the	 latest	 technologies	 such	 as	 marker	 assisted	 breeding	 as	 described	





Traditional	 plant	 breeding	 involves	 crossing	 an	 existing	 cultivar	 with	 a	 line	
possessing	a	desirable	trait.	This	means	whole	genomes	are	crossed	to	produce	
progeny,	 which	 are	 then	 selected	 for	 according	 to	 the	 superiority	 of	 plants	
possessing	 the	 original	 trait	 of	 interest	 (Varshney	 et	 al.,	 2007).	 It	 is	 therefore	
based	 on	 the	 phenotypic	 selection	 of	 superior	 genotypes	 within	 segregating	
progenies	 obtained	 from	 crosses	 (Francia	 et	 al.,	 2005).	 Selection	 of	 superior	
plants	involves	visual	assessment	for	agronomic	traits,	as	well	as	laboratory	tests	
for	 quality	 (Collard	 &	 Mackill,	 2008).	 The	 size	 and	 composition	 of	 a	 plant	
population	 is	 an	 important	 factor	 in	 a	 breeding	 programme;	 the	 more	
segregating	 genes	 in	 a	 population	 the	 greater	 the	 population	 size	 in	 order	 to	
identify	 a	 specific	 gene	 combination.	 Typical	 breeding	 programmes	 may	 have	
hundreds	of	populations,	and	thousands	of	 individual	plants	 (Witcombe	&	Virk,	
2001).	 For	 commercial	 seed	 companies,	 it	will	 typically	 take	 up	 to	 30	 years	 to	
produce	a	new	stable	parsnip	line	(Sue	Kenedy,	2012),	so	new	technologies	such	





technical	 procedure	 for	 marker	 assays,	 high	 levels	 of	 polymorphism	 to	
discriminate	 between	 different	 genotypes	 and	 the	 cost-effectiveness	 of	 the	
technique	(Mackill	&	Ni,	2000;	Mohler	&	Sungrun,	2004).	A	range	of	markers	can	
be	used	in	MAS	including	simple	sequence	repeats	(SSRs),	sequence	tagged	site	
(STS),	 sequence	 characterized	 amplified	 region	 (SCAR)	 and	 single	 nucleotide	
polymorphisms	(SNP)	generated	from	specific	DNA	sequences	of	markers	such	as	




Detection	 of	 genes	 or	QTLs	 controlling	 traits	 is	 possible	 due	 to	 genetic	 linkage	
analysis	 based	 on	 the	 principle	 of	 genetic	 recombination	 during	 meiosis	
(Tanksley,	 1993).	 Statistical	methods	 such	 as	 interval	mapping	 can	 be	 used	 to	
detect	 associations	 between	 DNA	 markers	 and	 phenotypic	 data.	 This	






can	 save	 time	 and	 resources	 in	 large-scale	 phenotype	 screening	 (Collard	 &	
Mackill,	2008).	There	are	many	applications	of	MAS	in	plant	breeding.	Among	the	
most	 common	 in	 commercial	 settings	 are:	 marker-assisted	 evaluation	 of	
breeding	material	to	assess	cultivar	purity,	levels	of	genetic	diversity	for	parental	
selection,	study	of	heterosis	for	hybrid	vigour	and	identification	of	shifts	in	allele	
frequencies	 within	 genomes	 (Xu	 &	 Crouch,	 2008;	 Collard	 &	 Mackill,	 2008),	
marker-assisted	 backcrossing	 to	 incorporate	 genes	 into	 an	 adapted	 or	 elite	
variety,	marker-assisted	pyramiding	to	combine	several	genes	in	one	phenotype,	
early	generation	marker-assisted	 selection	 to	eliminate	plants	with	undesirable	
traits	 and	 focus	 attention	on	high-priority	 lines,	 and	 combined	marker-assisted	
selection	 to	 maximise	 genetic	 gain	 through	 a	 combination	 of	 MAS	 and	
phenotype	selection	(Collard	&	Mackill,	2008).				
	
MAS	 has	 greatly	 assisted	 in	 plant	 breeding.	 There	 are	 however	 disadvantages:	
the	primary	 limiting	 factor	 to	 this	 system	 is	 the	cost	associated.	However,	new	
marker	technology	such	as	the	application	of	next-generation	sequencing	(NGS)	
have	 provided	 high-throughput	 sequences	 for	 improved	 plant	 genotyping	 and	
breeding.	 This	 technology	 has	 led	 to	 the	 development	 of	 genotyping-by-
sequencing	 (GBS)	 a	 more	 cost-effective	 technique	 that	 combines	 molecular	
marker	discovery	and	genotyping	(Mammadov	et	al.,	2012;	He	et	al.,	2014).	This	
project	 therefore	 aims	 to	 utilise	 this	 new	 marker	 technology	 to	 identify	 QTLs	
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conferring	 resistance	 to	 parsnip	 canker	 pathogens.	 This	will	 result	 in	 improved	
screening	for	resistance	in	large	parsnip	breeding	populations	and	speed	up	the	




The	overall	aims	of	 this	project	were	 to	characterise	pathogens	 responsible	 for	
causing	 parsnip	 canker	 and	 to	 develop	 tools	 to	 facilitate	 breeding	 for	
quantitative	 resistance	 to	 parsnip	 root	 canker	 diseases.	 The	 specific	 objectives	
were:	
	
1. To	 determine	 the	 range	 of	 fungal	 pathogens	 causing	 root	 cankers	 on	
parsnips;	
	
2. To	 characterise	 the	 diversity	 of	 Itersonilia	 spp.,	 M.	 acerina	 and	 C.	
destructans	isolates	through	molecular	and	biological	approaches;	
	
3. To	 determine	 the	 pathogenicity	 of	 Itersonilia	 spp.,	M.	 acerina	 and	 C.	
destructans	isolates	through	the	development	of	novel	assays;	
	
4. To	 develop	 screening	 tests	 to	 identify	 I.	 pastinacae	 and	 M.	 acerina	
resistance	in	parsnip	breeding	populations;	
	
















in	 wet	 seasons,	 resulting	 from	 a	 greater	 number	 of	 spores	 being	 produced	
(Channon	 1963b),	 whilst	 hot,	 dry	 conditions	 were	 found	 to	 retard	 the	
development	 of	 canker	 symptoms	 (Cerkauskas,	 1985).	 Other	 countries	 have	
reported	much	 greater	 losses,	with	Australia	 reporting	 up	 to	 80%	 reduction	 in	





by	 Channon	 (1956)	 described	 a	 range	 of	 pathogens	 as	 the	 causes	 of	 parsnip	
canker.	More	 recently,	 the	 research	of	Gladders	 (1997)	 and	McPherson	 (2013)	
gave	an	updated	report	on	the	causes	of	root	blemishes	in	the	UK	which	included	




were:	 a	 black	 canker,	 caused	 by	 Itersonilia	 pastinacae	 (I.	 pastinacae),	 Phoma	
spp.,	or	both;	and	an	orange-brown	canker	of	unknown	cause.	Results	indicated	
pathogenic	 I.	pastinacae	was	 responsible	 for	black	cankers	on	365	roots	out	of	
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581	 roots	 sampled	 (63%),	 whilst	 pathogenic	 Phoma	 spp.	 was	 responsible	 for	
approximately	15%	of	symptoms.	Further	work	by	Channon	(1963a)	suggested	a	
‘consortium’	 of	 fungi	 causing	 black	 cankers,	 while	 fungi	 isolated	 from	 brown	
cankers	failed	to	induce	similar	symptoms.	However,	the	development	of	brown	
cankers	appeared	to	be	associated	with	growth	splitting,	where	root	tissue	was	
split	 open,	 generally	 as	 a	 result	 of	 irregular	 moisture	 conditions.	 Channon	
(1963a)	used	Koch’s	postulates	 to	show	that	 I.	pastinacae	 isolated	 from	brown	





positively	 identified	 isolations.	 In	 addition,	 a	 range	 of	 other	 fungal	 pathogens	
have	also	been	 identified	as	causal	agents	of	parsnip	canker	 in	Australia.	These	
include:	 Fusarium	 spp.,	 Cylindrocarpon	 spp.,	 Mycocentrospora	 acerina	 and	
Phoma	 spp.	Phoma	 spp.	were	 identified	as	being	 the	primary	 cause	of	parsnip	
canker	 in	 Canada,	with	Phoma	 complanata	 identified	 as	 causing	 up	 to	 80%	 of	
crop	losses	(Cerkauskas,	1985).	This	pathogen	was	reported	to	be	a	seed-borne	
pathogen	 and	 a	 strong	 correlation	 between	 severity	 of	 foliar	 symptoms	 and	




Mycocentrospora	 acerina	 has	 also	 been	 described	 as	 a	 causal	 agent	 of	 canker	
symptoms	 similar	 to	 those	 of	 I.	 pastinacae	 (Channon,	 1965).	 Symptoms	 were	
generally	 described	 as	 black	 lesions,	 often	 surrounded	 by	 a	 brown/red	 ring.	
Channon	 (1965)	 found	there	was	no	difference	 in	size	or	severity	of	 symptoms	
on	wounded	 or	 unwounded	 roots	when	 inoculated	with	M.	acerina,	while	 the	
pathogen’s	wide	host	range	(Hermansen,	1992)	and	capacity	to	grow	and	infect	
at	 temperatures	 below	 0°C	 suggests	 an	 ability	 to	 develop	 symptoms	 under	
winter	 conditions	 (Channon,	 1965).	 Outside	 the	 UK	 there	 is	 evidence	 of	 M.	
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Cylindrocarpon	 destructans	 has	 been	 identified	 as	 another	 fungus	 causing	
black/dark	brown	parsnip	canker	symptoms	(Channon	&	Thomas,	1981).	Isolates	
from	 lesions	 were	 confirmed	 as	 pathogenic	 and	 able	 to	 re-infect	
damaged/wounded	parsnip	roots,	leading	to	the	development	of	symptoms.	This	
fungus	 has	 a	 narrower	 host	 range	 than	 Itersonilia	 spp.	 and	M.	 acerina,	 and	 is	




UK	 and	Australia,	 its	 global	 impact	 is	more	 closely	 associated	with	 infection	of	
grape	vines	and	ginseng	(Probst,	2011).	
	
More	 recently,	 Pythium	 spp.	 have	 also	 been	 implicated	 as	 part	 of	 a	 disease	






different	 plant	 species,	 including	 parsnip,	 in	 Canada,	 the	 Netherlands,	 South	
Africa,	Germany	and	the	UK	(Petkowski	et	al.,	2013).	In	glasshouse	pathogenicity	
tests,	 Pythium	 sulcatum	 and	 Pythium	 intermedium	 were	 found	 to	 be	 most	
pathogenic	 in	 causing	 damping-off	 symptoms	 in	 parsnip	 seedlings	 (Petkwski	et	
al.,	2013).			
	
Pathogen	persistence	 in	soils	has	been	suggested	as	an	 important	 factor	 in	 the	




as	 chlamydospores	 in	 the	 soil	 for	 at	 least	 12	months	 in	 Australia	 (Minchinton,	
2008).	 These	 results,	 alongside	 studies	 on	 M.	 acerina	 and	 C.	 destructans	






to	 be	 a	 major	 contributor	 to	 the	 incidence	 of	 parsnip	 canker	 within	 the	 UK.	
Larvae	 cause	 damage	 by	 tunnelling	 through	 the	 tissue,	 predisposing	 roots	 to	
fungal	 infections	 (Stone,	 1954).	 Controlling	 carrot	 root	 fly	 incidence	 was	 also	
found	 to	 correlate	 with	 a	 significant	 reduction	 in	 parsnip	 canker	 incidence	
(Collingwood	&	Croxall,	1954).	Carrot	fly	control	usually	involves	pre-drilling	soil	
prior	 to	 seeding,	 and	 treating	 crops	 with	 insecticides	 such	 as	 phorate	 and	
diazinon	(Minchinton,	2008;	Sivasubramanaim	et	al.,	1999).	Carrot	root	fly	has	a	
global	distribution,	being	found	in	North	America,	UK,	Europe	and	Eurasia.	Whilst	
not	 an	 issue	 in	 Australia,	 carrot	 root	 fly	 has	 also	 been	 documented	 in	 New	








range	 of	 symptoms	 were	 significantly	 greater	 than	 previously	 identified	 on	
parsnips	by	Channon	(1963a;	1963b;	1965)	and,	due	to	multiple	organisms	being	









































as	 locations	 in	Europe	and	one	site	 in	New	Zealand	(Table	2.2).	The	majority	of	









England	 Spalding,	Lincolnshire	 2012-13	 47	
England	 Elsoms	Seeds	Ltd,	Lincolnshire	 2012-13	 12	
England	 Redhill,	Nottingham	 2012-13	 2	
England	 Spalding,	Lincolnshire	 2012-13	 21	
England	 Newark,	Nottinghamshire	 2012-13	 6	
Spain	 Valencia	 2012-13-14	 2	
Sweden	 Unknown	 2013-14	 2	
Scotland	 Cupar,	Fife	 2013-14	 10	
Netherlands	 Unknown	 2013-14	 3	





Parsnips	 were	 washed	 and	 all	 symptoms	 subsequently	 photographed	 and	
described.	 Isolations	 of	 fungi	were	made	 by	 taking	 four	 5	mm2	 plugs	 of	 tissue	
from	the	leading	edge	of	the	various	lesion	symptoms	on	each	root	and	placing	
directly	 onto	 potato	 dextrose	 agar	 (PDA:	 Oxoid	 Ltd,	 UK),	 amended	 with	
chlorotetracycline	hydrochloride	(2	ml	/	L,	Sigma-Aldrich,	UK)	to	inhibit	bacterial	





the	 lid	 of	 Petri	 dishes	 with	 Vaseline	 (Sigma-Aldrich,	 UK).	 This	 is	 a	 standard	
approach	 to	 isolate	 slow-growing	 Itersonilia	 spp.,	 as	 ballistospores	 are	 actively	
ejected	onto	the	agar,	hence	avoiding	competition	from	other	fast	growing	fungi.	
In	this	case,	tissue	samples	were	not	surface	sterilised,	to	preserve	ballistospores	
for	 colony	development.	Half	of	 these	 tissue	pieces	were	 suspended	over	malt	
agar	 2%	 (MA)	 while	 the	 other	 half	 were	 suspended	 over	 MA	 2%	 with	
chlorotetracycline	hydrochloride.	 	All	plates	were	 incubated	for	5-10	days	at	20	
°C	and	once	mycelial	growth	was	evident,	fungal	colonies	were	subcultured	from	
the	 leading	 edge	 onto	 PDA,	 or	 MA	 if	 I.	 pastinacae	 had	 been	 provisionally	
identified,	 and	 incubated	 for	 5-10	 days	 at	 20°C.	 Pathogens	 were	 initially	






were	 taken	 from	 the	 leading	 edge,	 placed	 into	 Petri	 dishes	 containing	 potato	
dextrose	 broth	 (PDB:	 Formedium,	 UK),	 and	 incubated	 at	 20°C	 for	 7	 days.	 The	
agar	 plugs	 were	 then	 removed	 and	 the	 mycelial	 mat	 washed	 three	 times	 in	
sterile	 reverse	 osmosis	 (RO)	 water	 and	 blotted	 dry	 on	 tissue	 paper	 (KimTech:	
Kimberly-Clark	Ltd,	UK)	before	being	 freeze	dried	overnight.	Genomic	DNA	was	
extracted	 from	 the	 freeze-dried	 mycelium	 using	 the	 DNeasy	 Plant	 Mini	 Kit	
(Qiagen	 Ltd,	 UK)	 following	 the	 manufacturer’s	 protocol.	 Isolates	 were	 initially	
identified	by	PCR	amplification	and	sequencing	of	the	internal	transcribed	spacer	
regions	 (ITS)	 of	 the	 ribosomal	 DNA	 (situated	 between	 the	 small-subunit	 and	
large-subunit	rRNA	genes).	The	20	μl	PCR	reaction	mixture	consisted	of	10	μl	1	x	
REDTaq	Ready	Mix	PCR	 reaction	mix	 (Sigma-Aldrich,	UK),	 standard	 ITS	 primers:	
ITS1:	 TCCGTAGGTGAACCTGCGG,	 or	 ITS1F:	 CTTGGTCATTTAGAGGAAGTAA	 (a	
basidiomycete	specific	primer	 if	 I.	pastinacae	had	been	provisionally	 identified)	
with	ITS4: TCCTCCGCTTATTGATATGC	(White	et	al.,	1990;	Grades	&	Bruns,	1993)	
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(0.4	 μmol	 L-1)	 and	 approximately	 10	 ng	 DNA	 template.	 Thermal	 cycling	
parameters	were	94	°C	for	2	min;	40	cycles	of	94°C	for	35	s,	55°C	for	55	s,	72°C	
for	 60	 s;	 72°C	 for	 10	 min	 and	 then	 a	 hold	 at	 12°C.	 Following	 PCR	 reactions,	
amplicons	 were	 visualised	 using	 gel	 electrophoresis	 with	 1.5%	 agarose	 (Fisher	
Scientific)	gels	 in	tris-acetate-EDTA	buffer,	stained	with	2	µl	/	100	ml	of	GelRed	
(Biotium,	 UK).	 PCR	 purification	 was	 performed	 using	 the	 QIAquick	 PCR	
purification	 Kit	 (Qiagen),	 before	 5	 µl	 DNA	 template	 and	 5	 µl	 5	 pM	 primer	
template	(ITS1	or	ITS1-F	as	described	above)	were	submitted	for	sequencing	by	




Based	 on	 the	 number	 of	 organisms	 isolated	 from	 a	 single	 root	 symptom,	 they	
were	described	as	either	primary	of	secondary	pathogens.	Specifically,	where	a	





single	 symptom	 on	 a	 root	where	 carrot	 root	 fly	 (or	 other	 insect)	 damage	was	










A	 total	 of	 107	 diseased	 roots	 from	 England,	 Scotland,	 Spain,	 Sweden,	 The	
Netherlands	 and	 New	 Zealand	 were	 collected,	 from	which	 144	 fungal	 isolates	
were	 obtained.	 ITS	 sequencing	 followed	 by	 BLAST	 analysis	 for	 each	 of	 these	
isolates	 identified	 a	 total	 of	 22	 fungal	 species	 (Table	 2.3).	 The	 most	 frequent	
pathogens	 were	 I.	 pastinacae,	M.	 acerina,	 C.	 destructans	 and	 Fusarium	 spp.,	
identified	 from	 8,	 13,	 44	 and	 50	 isolates,	 respectively	 (Fig	 2.1(A)).	 A	 range	 of	
other	 known	 plant	 pathogens	 were	 also	 identified,	 including:	 Sclerotinia	
sclerotiorum,	Botrytis	spp.,	Pythium	sulcatum	and	Phoma	spp.,	alongside	general	
fungal	 saprophytes	 including	 Scytalidium	 lignicola	 and	 the	 microsporic	 fungus	
Arthrobotrys.	As	previously	described,	the	pathogens	were	identified	as	primary	
or	secondary	pathogens	based	on	the	number	of	organisms	derived	from	a	single	
root	 symptom.	 I.	 pastinacae,	M.	 acerina	 and	C.	 destructans	 were	 identified	 as	
key	primary	pathogens,	and	to	a	much	lesser	extent	a	range	of	Fusarium	spp.	(Fig	
2.1(B)).	 However,	 most	 Fusarium	 spp.	 were	 characterised	 as	 secondary	
pathogens	along	with	some	other	fungal	species,	such	as	S.	sclerotiorum	and	P.	
sulcatum	as	described	above	(Fig	2.1(C)).	Furthermore,	on	a	number	of	parsnip	
roots,	 insect	 damage	 was	 also	 evident	 (Table	 2.3),	 including	 most	 roots	 from	
which	 Fusarium	 spp.	 and	 all	 other	 fungal	 species	 were	 identified	 as	 primary	
pathogens.	 The	majority	of	 roots	 exhibiting	 insect	damage	were	 sampled	 from	
the	 UK,	 although	 it	 should	 be	 noted	 root	 sampling	was	 greater	within	 the	 UK	
than	other	countries.		
	
The	 majority	 of	 fungal	 species	 characterised	 as	 primary	 pathogens	 were	
identified	from	a	range	of	locations	and	countries:	C.	destructans	was	identified	
in	roots	from	multiple	sites	across	England,	as	well	as	Scotland	and	New	Zealand.	
I.	 pastinacae	 was	 identified	 in	 roots	 from	 England,	 Sweden	 and	 New	 Zealand,	
whilst	M.	acerina	was	 identified	 across	 some	 sites	 in	 England	 only.	 A	 range	 of	
Fusarium	 spp.	 (Fig	 2.2)	 were	 identified	 across	 all	 sampling	 sites,	 with	 the	
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43	 England	 Lincolnshire	 Mycocentrospora	
acerina	
		 	
44	 England	 Lincolnshire	 Cylindrocarpon	
destructans	
		 Y	
45	 England	 Lincolnshire	 Phoma	exigua	 		 	
46	 England	 Lincolnshire	 Mycocentrospora	
acerina	
		 	
47	 England	 Lincolnshire	 Mycocentrospora	
acerina	
		 	
48	 England	 Lincolnshire	 Cylindrocarpon	
destructans	
		 	
49	 England	 Lincolnshire	 Fusarium	
graminearum	
Fusarium	cerealis	 Y	
50	 England	 Lincolnshire	 Mycocentrospora	
acerina	
		 	
51	 England	 Lincolnshire	 Mycocentrospora	
acerina	
		 	
52	 England	 Lincolnshire	 Fusarium	
avanaceum	
		 Y	
53	 England	 Lincolnshire	 Mycocentrospora	
acerina	
		 	
54	 England	 Lincolnshire	 Mycocentrospora	
acerina	
		 	




56	 England	 Lincolnshire	 Cylindrocarpon	
sp.	
		 	
57	 England	 Lincolnshire	 Fusarium	
verticilliodes	
		 Y	
58	 England	 Lincolnshire	 Pythium	sulcatum	 		 	
59	 England	 Lincolnshire	 Epicoccum	
nigrum	
		 	
60	 England	 Lincolnshire	 Mycocentrospora	
acerina	
		 	






























































































































87	 Spain	 Valencia	 Itersonilia	sp.	 		 	
88	 Spain	 Valencia	 Itersonilia	sp.	 		 	




90	 Sweden	 Sweden	 Fusarium	
oxysporum	
		 Y	










92	 Scotland	 Cupar,	Fife	 Phoma	sp.	 Scytalidium	
lignicola	 Y	
93	 Scotland	 Cupar,	Fife	 Cylindrocarpon	
destructans	
		 	
94	 Scotland	 Cupar,	Fife	 Cylindrocarpon	
sp.	
		 	
95	 Scotland	 Cupar,	Fife	 Cylindrocarpon	
destructans	
		 	
96	 Scotland	 Cupar,	Fife	 Phoma	sp.	 Scytalidium	
lignicola	 	
97	 Scotland	 Cupar,	Fife	 Cylindrocarpon	
destructans	
		 	
98	 Scotland	 Cupar,	Fife	 Cylindrocarpon	
destructans	
		 	
99	 Scotland	 Cupar,	Fife	 Cylindrocarpon	
destructans	
		 	
100	 Scotland	 Cupar,	Fife	 Cylindrocarpon	
destructans	
		 	








		 Itersonilia	 		 	
102	 New	
Zealand	


























104	 Netherlands	 		 Cylindrocarpon	
destructans	
		 	














Figure	 2.1	 –	 Pie	 charts	 indicating	 percentage	 (%)	 of	 different	 fungal	 species	
isolated	from	diseased	parsnip	roots	over	all	sampling	sites.	(A)	Total	percentage	

































From	 the	 107	 roots	 assessed	 for	 parsnip	 canker,	 six	 different	 symptom	 types	
were	 identified	 and	 associated	 with	 the	 respective	 causative	 pathogen	 (Table	
2.4;	 Fig.	 2.3).	 The	 roots	 displayed	 a	 range	 of	 black	 cankers	 of	 varying	 size	 and	
necrosis,	 which	 were	 caused	 by	 I.	 pastinacae	 and	 M.	 acerina.	 However,	 I.	
pastinacae	 infected	 roots	 generally	 had	 smaller	 black	 lesions	 with	 limited	
necrosis,	whilst	M.	acerina	developed	 larger	black	cankers	with	severe	necrosis	
spreading	 to	 the	 core	 of	 the	 infected	 root	 and	 occasionally	 surrounded	 by	 a	
brown/black	 band.	 Small	 orange,	 and	 large	 orange	 corky	 lesions	 with	 varying	
degree	 of	 necrosis	 were	 both	 attributed	 to	 C.	 destructans,	 whilst	 superficial,	
‘cavity	 spot’	 type	 symptoms	 were	 caused	 by	 P.	 sulcatum.	 Although	 many	
Fusarium	spp.	were	 isolated,	 they	 frequently	occurred	as	 secondary	pathogens	













Where	 Fusarium	 was	 present,	 roots	 displayed	 high	 levels	 of	 necrosis	 and	
discolouration	penetrating	to	the	core	of	the	root.	Where	other	pathogens	such	










1	 Small	hard	black	lesion	 I.	pastinacae	 		
2	 Large	soft	black	lesion	 I.	pastinacae	 Fusarium	spp.	
3	 Large	soft	black	lesion	 M.	acerina	 Fusarium	spp.	
4	 ‘Cavity	spot’	like	symptom	 P.	sulcatum	 		
5	 Small	orange	lesion	 C.	destructans	 Fusarium	spp.	




8	 Black/brown/orange	‘stripes’	 P.	sulcatum	 Fusarium	spp.	
9	 Large	soft	black/	brown/orange	lesion	 Fusarium	spp.	 ‘Other’	spp.	
	
	
Parsnip	 roots	with	 symptoms	not	 attributed	 to	 the	major	pathogens	described	
above	 developed	 a	 range	 of	 canker-type	 lesions,	 which	 were	
brown/black/orange	 in	 colour	 and	 had	 varying	 degrees	 of	 necrosis,	 although	
most	penetrated	deep	into	the	tissue	to	the	core	of	the	root.	Often	present	was	






There	 are	 a	 number	 of	 similarities	 between	 the	 results	 presented	 here	 (Table	
2.4)	and	those	observed	by	McPherson	(2013)	(Table	2.1),	including	black	lesions	
caused	by	 I.	pastinacae	and	orange	 lesions	caused	by	C.	destructans.	However,	
the	 majority	 of	 symptoms	 described	 by	McPherson	 (2013)	 were	 attributed	 to	
more	than	one	pathogen,	with	Fusarium	sp.,	being	 identified	as	responsible	for	
all	 but	 one	 symptom	 type.	 By	 differentiating	 between	 primary	 and	 secondary	
pathogens,	and	identifying	any	other	root	damage	such	as	that	caused	by	carrot	
root	 fly,	 this	 work	 presents	 a	 more	 robust	 description	 of	 root	 symptoms	 and	
associated	pathogens.	This	not	only	provides	a	more	accurate	understanding	of	
the	 causes	 of	 root	 canker,	 but	 will	 also	 enable	 a	more	 targeted	 approach	 for	




both	 symptoms	 and	 identification	 of	 primary	 and	 secondary	 pathogens	 (Table	
2.4).	All	primary	pathogen	isolates,	 I.	pastinacae,	C.	destructans	and	M.	acerina	
were	used	 to	 re-inoculate	 roots	 in	addition	 to	a	 range	of	 secondary	pathogens	












Figure	 2.3	 –	 Parsnip	 roots	 showing	 canker	 disease	 symptoms:	 (A)	 small	 black	
lesion	 caused	 by	 I.	 pastinacae;	 (B)	 Large	 black	 necrotic	 lesion	 caused	 by	 I.	
pastinacae;	 (C)	 Large	brown/black	 lesion	 caused	by	M.	acerina,	 surrounded	by	
black/brown	band.	(D)	Circled	‘cavity	spot’	like	symptom	caused	by	P.	sulcatum;	
(E)	Small	orange	lesion	due	to	C.	destructans;	(F)	Large	necrotic	lesion	caused	by	
C.	 destructans;	 (G)	 Crown	 rot	 with	white	mycelium	 and	 sclerotia	 caused	 by	 S.	













been	 two	 recent	 studies	examining	 the	 cause	and	 incidence	of	parsnip	 canker,	
one	 in	 Australia	 (Minchinton,	 2008)	 and	 another	 one	 in	 the	 UK	 (Table	 2.1)	
(McPherson;	2013).	The	work	undertaken	here	presents	updated	information	on	
the	types	of	root	blemishes	and	symptoms	currently	observed	by	growers	in	the	
UK	 (Table	 2.4)	 and	 for	 the	 first	 time	 the	 causal	 agents	 have	 been	 identified	






pathogen	 to	be	 responsible	 for	only	15%	of	canker	 lesions.	This	 is	more	 in	 line	
with	 the	 recent	 work	 by	 Minchinton	 (2008)	 in	 Australia,	 where	 I.	 perplexans	
comprised	 21.6%	 of	 pathogens	 identified	 from	 black	 cankers.	 In	 the	 present	
study,	 I.	 pastinacae	was	 not	 isolated	 from	 roots	 in	 conjunction	with	 any	 other	
pathogen	and	there	was	also	no	evidence	of	insect	damage	on	roots	from	which	




Channon	 (1963a)	 originally	 described	 root	 lesions	 caused	 by	 I.	 pastinacae	 as	
large	 dark	 brown,	 black	 or	 purplish-black	 rots,	 with	 penetration	 into	 the	 root	
usually	 less	 than	 5	 mm.	 He	 also	 noted	 that	 lesions	 normally	 occurred	 on	 the	
shoulders	and	crown	of	the	root,	but	only	occasionally	on	the	shank.	The	colour	
and	 position	 of	 these	 canker	 symptoms	 are	 therefore	 comparable	 to	 those	
observed	here,	where	I.	pastinacae	was	isolated	from	black	lesions	found	on	the	
crown	 and	 shoulders	 of	 roots.	 This	 is	 also	 in	 line	 with	 the	 descriptions	 of	
Minchinton	 (2008)	 and	 McPherson	 (2013).	 However,	 in	 contrast	 to	 Channon	
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(1963a),	 I.	 pastinacae	 was	 mainly	 associated	 with	 small	 black	 cankers	 in	 the	
present	 study.	 These	 smaller	 lesions	 could	 be	 due	 to	 a	 combination	 of	 two	
factors;	 firstly,	 a	 potentially	 higher	 level	 of	 resistance	 in	 the	 varieties	 currently	
grown	 and	 bred	 since	 the	 work	 by	 Channon	 (1963a)	 which	 would	 potentially	
limit	 lesion	expansion;	secondly,	an	increased	use	of	different	control	methods,	
including	seed	treatments	to	reduce	seed-borne	inoculum,	general	fungicide	use	
to	eliminate	 foliar	 symptoms,	and	crop	rotation	management,	 the	combination	
of	which	might	limit	development	of	cankers	by	I.	pastinacae.	
		
I.	 pastinacae	 has	 been	 identified	 as	 a	 causal	 agent	 of	 parsnip	 canker	 in	many	
other	 countries,	 including	 New	 Zealand,	 Australia,	 North	 America	 and	 Canada	
(Minchinton,	2008;	McGovern	et	al.,	2006).	Although	the	current	study	focussed	








M.	 acerina	 was	 also	 identified	 as	 a	 primary	 pathogen	 causing	 black	 canker	 on	
parsnip	 roots.	 It	was	originally	described	by	Channon	 (1965)	as	 responsible	 for	
large	black/purplish-black	lesions	with	exposed	subsurface	tissue	as	the	infection	





Moreover,	M.	acerina	was	only	 isolated	 from	UK	parsnip	 roots,	although	 it	has	
been	 documented	 as	 a	 causal	 agent	 of	 parsnip	 root	 rot	 in	 Australia,	 where	 it	
comprised	 4.5%	 of	 total	 canker	 pathogens	 identified	 (Minchinton,	 2008).	 The	
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global	 distribution	 of	 M.	 acerina	 as	 a	 parsnip	 pathogen	 has	 yet	 to	 be	 fully	
determined	but,	given	the	wide	host	range	of	the	species,	it	is	likely	to	be	more	
prevalent	than	previously	reported	(Neergaard	&	Newhall,	1951).	
Channon	 (1981)	 identified	 C.	 destructans	 as	 being	 the	 causal	 agent	 of	
black/brown	lesions	on	UK	parsnips,	with	orange	flecks	on	the	shoulders	of	the	
roots	and	also	noted	considerable	associated	damage	by	larvae	of	carrot	root	fly.	
Research	 by	 McPherson	 (2013)	 observed	 a	 more	 diverse	 set	 of	 symptoms	
associated	 with	 C.	 destructans	 on	 parsnip	 including	 black,	 brown,	 ginger	 and	




isolates	 in	 Australia,	 and	 the	 present	 analysis	 reveals	 that	 the	 situation	 is	
significantly	worse	 in	the	UK,	where	C.	destructans	was	 identified	as	the	causal	
agent	 for	 40%	 of	 cankered	 roots.	 Channon	 (1981)	 also	 observed	 that	 C.	
destructans	was	isolated	frequently	from	roots	that	had	been	damaged	by	carrot	
root	 fly	 larvae.	 Although	 this	 was	 also	 observed	 in	 the	 present	 study,	 C.	
destructans	 was	 considered	 to	 be	 a	 primary	 pathogen	 rather	 than	 an	





Fusarium	 spp.	 comprised	 18%	 of	 isolates	 identified	 from	 parsnip	 cankers	 in	
Australia	(Minchinton,	2008),	whilst	in	the	UK,	McPherson	(2013)	suggested	that	
some	Fusarium	spp.	were	highly	pathogenic	on	parsnip,	and	capable	of	causing	
lesions	on	undamaged	 roots.	 In	 this	 study,	Fusarium	spp.	was	 identified	as	 the	
causal	agent	for	11	of	the	14	symptom	types	described	by	McPherson	(2013;	see	
Table	2.1),	 including	a	variety	of	black,	red,	brown	and	ginger	symptoms.	In	the	
current	 study,	 Fusarium	 spp.	 were	 identified	 as	 associated	 with	 7	 of	 the	 9	
symptoms	 described	 (Table	 2.4),	 including	 large	 and	 small	 black	 and	 orange	
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lesions.	However,	in	contrast	to	the	conclusion	of	McPherson	(2013),	the	results	
strongly	 suggest	 that	 Fusarium	 spp.	 were	 predominantly	 secondary	 pathogens	
associated	with	primary	 infections	by	another	 fungal	 species	or	 insect	damage,	
such	 as	 that	 from	 carrot	 root	 fly	 larvae.	 However,	 some	 of	 the	 Fusarium	 spp.	
identified	 are	 known	 to	 infect	 plants;	 F.	 graminearum,	 F.	 cerealis	 and	 F.	
verticilliodes,	 are	 known	 cereal	 pathogens	 (Goswami	 &	 Kistler,	 2004;	
Amarasinghe	et	 al.,	 2015)	while	F.	 avanaceum,	F.	 solani	 and	F.	 oxysporum	 are	
considered	 generalist	 pathogens,	 known	 to	 infect	 a	 wide	 range	 of	 plant	 hosts	
including	tomato,	potato	and	pea	(Romberg	&	Davis,	2007).	Some	Fusarium	spp.	
such	 as	 F.	 oxysporum	 are	 also	 divided	 into	 formae	 speciales	 based	 on	 the	
virulence	 of	 certain	 strains	 to	 a	 particular	 host	 or	 hosts	 (Correll,	 1991).	
Moreover,	many	F.	oxysporum	strains	are	also	non-pathogenic	while	there	is	also	
evidence	 that	 pathogenic	 Fusarium	 spp.	 and	 F.	 oxysporum	 formae	 speciales	
strains	 can	 colonise	 tissue	 of	 non-host	 plants	 (Banihashemi	&	Dezeeuw,	 1973;	
Edel	et	al.,	1997;	Coleman,	2008;	Leoni	et	al.	2013).	Identifying	Fusarium	spp.	as	
primary	pathogens	can	therefore	be	complex	but	as	no	single	species	was	found	
consistently	 to	 cause	 the	 same	 root	 symptoms,	 and	 most	 Fusarium	 isolates	




Incidence	 of	Pythium	 spp.	 on	 diseased	 parsnip	 roots	was	 low,	with	 only	 three	
isolates	 identified	 from	 two	 different	 sites	 in	 the	 UK.	 All	 three	 isolates	 were	
identified	as	P.	 sulcatum,	which	has	been	previously	 implicated	 in	parsnip	 root	
rot	in	Australia	(Petkowski	et	al.,	2013),	alongside	a	range	of	other	Pythium	spp.	
The	symptoms	attributed	to	P.	sulcatum	 in	the	parsnip	root	were	characterised	




(2013)	 identified	 up	 to	 11	 different	 Pythium	 species	 associated	 with	 parsnip	
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blemishes,	including	P.	sulcatum,	P.	intermedium	and	P.	sylvatium,	whilst	globally	
Pythium	 spp.	 have	 been	 associated	 with	 root	 rot	 complexes	 in	 umbelliferous	
herbs	such	as	parsley	(Petkowski	et	al.,	2013).	Due	to	the	low	number	of	isolates	
identified	 in	 this	 study,	 Pythium	 spp.	 were	 not	 considered	 to	 be	 a	 primary	
pathogen	of	parsnip.	However,	as	the	majority	of	parsnip	growers	will	also	grow	
carrots,	 and	 there	 is	 a	 clear	 link	 between	 Pythium	 spp.	 causing	 cavity	 spot	 in	
carrots	and	blemishes	in	parsnip	roots,	there	is	a	need	to	implement	good	crop	
rotation	and	control	methods	 to	ensure	 infection	 in	one	crop	does	not	 lead	 to	
infection	of	a	different	crop	in	the	same	site	the	following	year.		
	
Numerous	other	 fungal	 species	were	also	 isolated	 from	diseased	parsnip	 roots	
sampled	in	the	UK,	including	known	plant	pathogens	such	as	Botrytis	spp.	and	S.	
sclerotiorum.	 These	 two	 species	 have	 a	 global	 distribution	 and	 are	 known	
pathogens	 on	 a	 wide	 range	 of	 host	 plants	 (Elad	 et	 al.,	 2007;	 Bolland	 &	 Hall,	
1994).	 They	 were	 also	 isolated	 principally	 from	 large	 black/orange	 soft	 crown	
rots,	 often	 penetrating	 deep	 into	 the	 parsnip	 tissue.	 As	 both	 species	 produce	
airborne	 spores,	 it	 is	 likely	 that	 infection	 originally	 arose	 in	 the	 foliage	 with	
subsequent	growth	of	the	pathogens	into	the	crown,	as	has	been	observed	for	S.	






on	 the	 surface	 of,	 or	 embedded	 in,	 the	 lesion.	 In	 Australia,	Minchinton	 (2008)	
also	 identified	 Phoma	 spp.	 as	 being	 responsible	 for	 3.6%	 of	 isolates	 obtained	
from	 canker-like	 symptoms	 in	 parsnips,	 whilst	 McPherson	 (2013)	 frequently	
isolated	Phoma	spp.	from	a	range	of	symptoms,	including	dry	scars,	ginger	blotch	
and	 red	 speckles.	 However,	 in	 the	 current	 research,	 Phoma	 spp.	 was	 isolated	








The	 work	 of	 Channon	 (1963a)	 was	 seminal	 in	 identifying	 I.	 pastinacae	 as	 the	
primary	 cause	of	 canker	 in	parsnip	 roots	while	 further	work	 also	 indicated	 the	
potential	importance	of	C.	destructans,	M.	acerina	and	Phoma	spp.	(Minchinton,	
2008;	 McPherson,	 2013).	 Since	 then,	 the	 only	 other	 study	 identified	 C.	
destructans	 as	 more	 widely	 associated	 with	 different	 parsnip	 root	 blemishes	
(McPherson,	 2013).	 However,	 for	 the	 first	 time	 in	 this	 study,	 particular	 canker	
symptoms	have	been	clearly	associated	with	certain	pathogens,	which	have	also	
been	 identified	 by	 molecular	 methods.	 This	 has	 therefore	 provided	 a	 more	
robust	 basis	 for	 identifying	 the	 causal	 agents	 of	 the	 different	 types	 of	 parsnip	
canker.		C.	destructans	and	M.	acerina	and,	to	a	lesser	extent,	I.	pastinacae	were	
the	 main	 species	 causing	 parsnip	 canker,	 and	 this	 provides	 important	
information	 for	 growers,	 breeders	 and	 the	 wider	 industry.	 Most	 growers	 still	
attribute	 all	 black	 cankers	 to	 I.	 pastinacae	 (personal	 communication,	 Elsoms	
Seeds	 Ltd,	 2013),	 although	 it	 is	 clear	 now	 that	 it	 is	 not	 as	 predominant	 as	 the	
other	 two	 pathogens.	 Based	 on	 this	 information,	 control	 approaches	 and	









As	 a	 basidiomycete,	 Itersonilia	 spp.	 are	 in	 the	 order	 Cystofilobasidiales,	 a	




&	 Fell,	 2008;	 Ming-xiu	 and	 Pei-jin,	 2007).	 These	 yeasts	 have	 been	 found	 in	
numerous	 low	 temperature	 environments	 such	 as	 Antarctic	 snow	 or	 soil,	
subglacial	 sediments	and	 ice.	 Itersonilia	spp.	 and	other	Cystofilobasidiales	have	
also	been	identified	in	frozen	food	products	such	as	fish	and	meat	(Margesin	&	
Fell,	 2008;	 Dorn-In	 et	 al.,	 2013)	 while	 species	 such	 as	 Cryptococcus	 spp.	 have	
been	 linked	 to	 infection	 in	mammals	 such	as	 the	Californian	sea	 lion	 (Zalophus	






perplexans,	 I.	 pastinacae	 and	 I.	 pyriformis.	 However,	 research	 by	 Boekhout	
(1991b)	concluded	that	 I.	perplexans	and	 I.	pyriformis	 represented	one	species.	
According	 to	 Channon	 (1956),	 Itersonilia	 spp.	 produce	 both	 ballistospores,	 a	
spore	 discharged	 into	 the	 air	 from	 a	 sterigma	 tip,	 and	 chlamydospores,	 thick-
walled	 resting	 spores.	 All	 Itersonilia	 spp.	 are	 known	 to	 produce	 ballistospores,	
however	 it	 is	 the	 presence	 or	 absence	 of	 chlaymdospores	 that	 currently	
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differentiates	between	the	three	species.	I.	pastinacae	differs	only	slightly	from	I.	
perplexans	 in	 that	 it	 produces	 abundant	 chlamydospores	 and	 is	 specific	 to	









observed	 in	nature.	 It	has	been	suggested	 therefore	 that	 this	may	 indicate	 the	
yeast	cells	have	a	low	fitness	or	a	narrow	ecological	amplitude	(Boekhout	et	al.,	
1991a).	The	yeast	phase	of	an	I.	perplexans	isolate	was	demonstrated	to	be	non-
pathogenic	 on	 chrysanthemum,	 whilst	 plasmogamy,	 the	 fusion	 of	 two	 parent	
cells	 resulting	 in	 a	 single	 cell	 with	 two	 separate	 nuclei,	 has	 been	 observed	
between	yeast	 isolates	of	 I.	pastinacae	and	both	 I.	pyriformis	and	 I.	perplexans	
(Boekhout	 et	 al.,	 1991a).	 Dimorphism	 refers	 to	 the	 ability	 of	 certain	 fungi	 to	
switch	 between	 unicellular	 yeast	 and	 multicellular	 filamentous	 yeast	 growth	
forms	in	relation	to	changing	environmental	cues	(Nadal	et	al.,	2008).	Changes	in	
the	 environment	 generate	 a	 variety	 of	 detectable	 signals.	 Dimorphic	 fungi	
perceive	these	signals	and	may	undergo	the	morphogenic	shift	to	adapt	to	new	
conditions.	 The	 type	 and	 intensity	 of	 the	 signals	 resulting	 in	 the	 switch	 varies	
with	fungal	species.	Mucor	species	exhibit	dimorphism	in	response	to	the	carbon	









study	 the	molecular	mechanisms	of	 dimorphism	 (Bölker,	 2001).	During	 the	 life	
cycle	of	U.	maydis	non-pathogenic	haploid	cells,	showing	yeast-like	growth	have	
to	 fuse	 to	 form	 dikaryotic	 hyphae,	 which	 are	 then	 able	 to	 infect	maize	 plants	
(Kahmann	 &	 Bölker,	 1996).	 The	 dimorphic	 switch	 and	 transition	 between	 the	
non-pathogenic	and	pathogenic	lifecycle	are	regulated	by	a	single	master	control	
locus	that	encodes	pair	of	transcription	factors	(Bölker,	2001).	Haploid	wild-type	
strains	 of	 the	 fungus	 grow	as	 budding	 yeasts	 and	 are	 saprobic,	 upon	mating	 a	
filamentous	 dikaryon	 is	 produced	 and	 the	 fungus	 converted	 to	 an	 obligate	
parasite.	Only	 during	 the	 final	 stage	 of	 development	 does	 the	 fungus	 undergo	
morphological	 changes	 associated	with	 colonisation	 of	 the	 host	 environments,	
and	 produce	 diploid	 spores	 (Garcia-Pedrajas	 et	 al.,	 2009).	 Key	 transcription	
factor	 within	 U.	 maydis	 have	 been	 identified	 as	 being	 associated	 with	 the	





in	 the	 life	 cycles	 of	 many	 dimorphic	 fungi	 (Madhani	 &	 Fink,	 1998).	 Whilst	 no	
research	 has	 been	 carried	 out	 into	 the	 specific	 signals	 that	 trigger	 the	 switch	
between	 hyphal	 and	 yeast	 stages	 in	 Itersonilia,	 the	 cell	 signalling	 pathway	
network	 in	 other	 dimorphic	 pathogens	 is	 well	 conserved.	 Two	main	 pathways	
have	 been	 identified:	 the	 cAMP-dependant	 protein	 kinase	 A	 (PKA)	 and	 the	
mitogen-activated	 protein	 kinase	 (MAPK)	 (DeVoti	 et	 al.,	 1991;	 Mochizui	 &	
Yamamoto,	 1992;	 Neiman	 et	 al.,	 1993).	 These	 pathways	 are	 not	 exclusive	 to	
pathogenic	dimorphic	 fungi,	 also	appearing	 in	non-pathogenic	 fungi	and	yeasts	






a	 seed-borne	 plant	 pathogen	 causing	 black	 canker	 on	 parsnip	 roots	 as	well	 as	
black/brown	 necrotic	 lesions	 surrounded	 by	 a	 green-yellow	 halo	 on	 leaves,	
petioles	and	 inflorescences.	Despite	having	a	wide	host	 range	and	distribution,	
little	 research	 has	 been	 carried	 out	 on	 I.	 pastinacae,	 particularly	 in	 relation	 to	
pathogenicity	on	parsnip	and	molecular	characteristics.	
	
Research	 on	 I.	 perplexans	 on	 edible	 burdock	 (Arctium	 Lappa	 L.)	 found	 that	 an	
increased	 inoculum	 density	 resulted	 in	 an	 increased	 rate	 of	 disease	
development,	with	black	 streaks	on	 leaves	 increasing	 in	a	 linear	 fashion	as	 the	
inoculum	density	increased	from	1	x	102	to	1	x	106	ballistospores	/	ml.	It	was	also	
found	 that	 burdock	 leaves	 less	 than	 five	 day	 old	 were	 more	 susceptible	 than	
older	 leaves	 approximately	 30	 days	 old,	 which	 were	 essentially	 immune	 to	
infection	 (Horita	 &	 McGovern,	 2005).	 Research	 identified	 peak	 Itersonilia	
outbreaks	in	edible	burdock	to	occur	during	periods	of	low	temperature	and	high	
rainfall,	whilst	peak	parsnip	canker	incidence	correlated	with	high	rainfall	during	
June	 to	 September	 in	 the	UK	 (Brown	et	 al.,	 1964;	Horita	&	 Yasuoka,	 2002).	 In	
addition	 to	 umbelliferous	 crops,	 Itersonilia	 spp.	 are	 also	 a	 pathogen	 of	 the	
Asteracae	 family,	 including	 sunflower,	 chrysanthemum,	 anemone	 and	 dahlia,	
causing	 petal	 blight	 (Dosdall,	 1956;	 Sackston,	 1958).	Work	 by	McGovern	 et	 al.	
(2006)	on	petal	blight	of	China	aster	confirmed	growth,	sporulation	and	infection	
processes	of	Itersonilia	were	favoured	by	high	relative	humidity	(>70%)	and	cool	
temperatures	 (10-15	 °C).	 Whilst	 at	 cut-flower	 production	 sites,	 post-harvest	
petal	 blight	 frequently	 occurs,	 with	 Gandy	 (1966)	 reporting	 symptoms	
developing	between	1	 °C,	when	cut	 flowers	were	held	under	 refrigeration,	and	
21	 °C.	 It	 was	 also	 noted	 that	 low	 temperatures	 failed	 to	 halt	 growth	 or	
sporulation,	with	infected	inflorescences	of	chrysanthemum	being	found	after	31	
days	of	 frosts.	 Itersonilia	has	also	been	 reported	 to	 survive	 in	 the	UK	between	
crops	on	plant	debris,	as	well	as	saprophytically	on	many	weeds	and	cultivated	
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extension	 rate	 of	 about	 2	 mm	 day-1,	 that	 continued	 until	 the	 Petri	 dish	 was	
covered.	 In	 contrast,	 the	 growth	 rate	 of	 the	 yeast	 phase	 was	 significantly	
reduced,	occurring	after	2-4	weeks	of	mycelial	growth	and	at	only	0.2	mm	day-1	
at	20°C,	with	 the	colony	 rarely	extending	beyond	a	diameter	of	10	mm.	 Ingold	
also	reported	that,	unusually,	these	yeast-type	cells,	particularly	those	grown	in	
darkness,	 occasionally	 gave	 rise	 to	 ballistospores,	 although	 this	 was	 not	
consistent	across	all	isolates.		
	
No	 research	 has	 been	 carried	 out	 on	 the	 ability	 of	 different	 Itersonilia	 spp.	 to	
produce	spores,	although	research	into	spores	found	chlamydospores	to	be	long-
lived	 survival	 structures,	 with	 evidence	 they	 can	 survive	 from	 one	 year	 to	 the	
next	 in	 the	 soil	 (Smith,	 1966).	 However,	 ballistospore	 inoculation	 of	 burdock	
leaves	at	10-15°C	led	to	the	highest	levels	of	infection,	compared	to	other	higher	




temperatures,	when	new	 leaves	and	seed	stock	are	growing.	When	 the	 foliage	
starts	 dying,	 the	 fungus	 produces	 increased	 numbers	 of	 chlamydospores,	 for	
both	infecting	parsnip	roots	and	as	survival	structures	for	winter.		
	
There	 is	 currently	 very	 limited	 understanding	 of	 the	 diversity	 of	 I.	 pastinacae	
from	parsnip	and	other	hosts,	and	little	can	be	inferred	about	the	pathogen	from	




• To	 determine	 the	 pathogenicity	 of	 different	 I.	 pastinacae	 isolates	 from	
parsnip	and	Itersonilia	spp.	from	other	hosts	on	parsnip	roots	and	leaves;	






fungal	 and	 yeast	 phases	 of	 Itersonilia	 spp.	 using	 transcriptome	
sequencing	and	gene	expression	analysis;	







A	total	of	51	 Itersonilia	spp.	 isolates	were	collected	 from	various	 locations	and	




of	 infected	 leaf	 material	 above	 malt	 agar	 (MA)	 as	 described	 in	 Chapter	 2.	
Cultures	 were	 incubated	 at	 20°C	 for	 five	 days	 before	 being	 subcultured	 for	
storage	 on	 0.2%	 MA	 and	 Czapek	 Dox	 Agar	 (CDA)	 slopes	 at	 4°C	 or	 as	 frozen	
mycelial	MA	 (0.2%)	 blocks	 in	 Potato	 Dextrose	 Broth	 (PDB)	 amended	with	 20%	
glycerol	at	-20°C	for	longer	term	storage.			
	
Table	 3.1	 –	 Isolate	 number,	 host	 and	 origin	 of	 Itersonilia	 spp.	 isolates	
characterised	in	this	study.		
	
Culture	code	 Fungal	species	 Host	 Origin	 Country	
IP1	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 England	
IP2	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 England	
IP3	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 England	
IP4	 I.	pastinacae	 Parsnip	Seed	 NIAB/Elsoms	 England	
IP5	 I.	pastinacae	 Parsnip	Seed	 NIAB/Elsoms	 England	
IP6	 I.	pastinacae	 Parsnip	Seed	 NIAB/Elsoms	 England	
IP7	 I.	pastinacae	 Parsnip	Seed	 Plant	Health	Services	 England	
IP8	 I.	pastinacae	 Parsnip	Seed	 Plant	Health	Services	 England	
IP9	 I.	pastinacae	 Parsnip	Seed	 Plant	Health	Services	 England	
IP10	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 England	
IP11	 Itersonilia	sp.	 Parsnip	Root	 Stockbridge	House	 England	
IP12	 Itersonilia	sp.	 Parsnip	Root	 Stockbridge	House	 England	
IP13	 Itersonilia	sp.	 Chrysanthemum	 Stockbridge	House	 England	
IP14	 Itersonilia	sp.	 Chrysanthemum	 Stockbridge	House	 England	
IP15	 Itersonilia	sp.	 Dill	 Stockbridge	House	 England	
IP16	 Itersonilia	sp.	 Dill	 Stockbridge	House	 England	
IP17	 Itersonilia	sp.	 Dill	 Stockbridge	House	 England	
IP18	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 England	
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Culture	code	 Fungal	species	 Host	 Origin	 Country	
IP19	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 England	
IP20	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 England	
IP21	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 England	
IP22	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 England	
IP23	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 England	
IP24	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 England	
IP25	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 England	
IP26	 Itersonilia	sp.	 Chrysanthemum	 ADAS	 England	
IP27	 I.	pastinacae	 Parsnip	Leaves	 Elsoms	 England	
IP28	 I.	pastinacae	 Parsnip	Leaves	 ADAS	 England	
IP29	 I.	pastinacae	 Parsnip	Root	 VCS	 England	
IP30	 I.	pastinacae	 Parsnip	Root	 Elsoms	 England	
IP31	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 New	Zealand	
IP32	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 New	Zealand	
IP33	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 New	Zealand	
IP34	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 New	Zealand	
IP35	 I.	pastinacae	 Parsnip	Leaves	 Nottingham	 England	
IP36	 I.	pastinacae	 Fennel	 Middlesex	 England	
IP37	 I.	pastinacae	 Dill	 Middlesex	 England	
IP38	 I.	pastinacae	 Parsley	 Middlesex	 England	
IP39	 Itersonilia	sp.	 Parsnip	Root		*	 Cupar,	Fife	 Scotland	
IP40	 Itersonilia	sp.	 Parsnip	Root		*	 Elsoms	 Sweden	
IP41	 Itersonilia	sp.	 Parsnip	Root		*	 Nottingham	 England	
IP42	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 France	
IP43	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 France	
IP44	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 France	
IP45	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 France	
IP46	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 France	
IP47	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 France	
IP48	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 France	
IP49	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 France	
IP50	 I.	pastinacae	 Parsnip	Seed	 Elsoms	 France	










from	 a	 commercial	 grower.	 Parsnip	 roots	 (cv.	 Picador)	 were	 mechanically	
harvested,	washed	with	tap	water,	surface	sterilized	with	70%	ethanol	(v/v)	and	
air-dried.	 Each	 root	was	 checked	 for	 any	 disease	 symptoms	 before	 the	widest	
part	of	 the	 root	was	 inoculated	with	a	5	mm	agar	plug	of	each	 Itersonilia	spp.	
isolate	 from	 a	 twelve-day-old	 actively	 growing	 colony.	 Parsnips	 were	 then	
incubated	at	12°C	on	damp	tissue	in	sealed	3	L	plastic	boxes	and	moist	conditions	
maintained	to	encourage	disease	development	by	misting	roots	with	sterile	RO	
water	once	a	week.	 Six	 replicate	parsnip	 roots	were	 set	up	 for	each	 Itersonilia	





Experiments	 were	 set	 up	 to	 assess	 the	 pathogenicity	 of	 Itersonilia	 spp.	 on	
detached	parsnip	 leaves.	The	same	set	of	 Itersonilia	spp.	 isolates	were	used	as	
those	 in	the	root	assays	(Section	3.2.2,	Table	3.1).	Parsnip	plants	(cv.	Panache),	
were	 grown	 from	 seed	 in	 a	 2:1	mix	 of	 Levington	 F2	 compost	 and	 sharp	 sand	
(Everris,	UK)	in	2	L	pots	and	placed	in	a	glasshouse	compartment	at	20°C.	When	
the	 plants	 were	 sixteen	 weeks	 old,	 leaves	 were	 removed	 for	 inoculation.	
Itersonilia	spp.	isolates	were	subcultured	by	placing	a	5	mm	mycelial	plug	taken	
from	 the	 edge	 of	 an	 actively	 growing	 colony	 in	 the	 centre	 of	 a	 Petri	 dish	
containing	25	ml	of	0.2%	MA.	Plates	were	sealed	with	parafilm	and	incubated	at	
20°C	for	14	days,	after	which	1	ml	sterile	RO	water	was	added	and	spores	gently	
removed	 from	 the	 fungal	 colonies	 using	 a	 spreader.	 The	 resultant	 spore	
suspensions	were	filtered	through	a	milk	filter	(190	mm)	(Goat	Nutrition	Ltd,	UK)	
to	 remove	mycelium	and	 spore	 numbers	 determined	using	 a	 haemocytometer	
and	adjusted	to	1	x	105	spores	mL-1.	Detached	parsnip	leaves	were	placed	into	1	L	
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plastic	 boxes	 on	 damp	 tissue	 and	 inoculated	 with	 2	 x	 20	 μl	 drops	 of	 spore	
suspension,	one	each	side	of	the	central	vein.		Boxes	were	sealed	and	placed	in	
controlled	environment	at	20°C	with	a	16	h	photoperiod.	Boxes	were	 removed	
after	 seven	 days	 and	 photographs	 of	 the	 foliar	 symptoms	 were	 taken.	 Lesion	
area	 was	 then	 measured	 using	 ImageJ	 (https://imagej.nih.gov/ij/).	 For	 each	








actively	 growing	 edge	 of	 each	 Itersonilia	 spp.	 isolate.	 Plates	 were	 sealed	 with	
parafilm	and	placed	into	incubators	at	0,	5,	10,	15,	20	and	25°C.	A	total	of	four	
replicate	plates	per	 isolate	were	prepared	and	growth	measurements	of	colony	
diameter	 at	 two	perpendicular	points	were	 taken	 twice	weekly	 for	 a	period	of	
thirty	days.	Following	these	experiments,	I.	pastinacae	isolate	IP10	was	selected	
as	a	 standard	 isolate	 to	 test	 the	effect	of	additional	 temperatures	of	2.5,	17.5,	
22.5,	27.5	and	30°C	in	order	to	perform	more	accurate	parametric	model	fitting.	




Experiments	 were	 set	 up	 to	 determine	 chlamydospore	 and	 ballistospore	






1	ml	 sterile	 RO	water	 was	 added	 and	 spores	 gently	 removed	 from	 the	 fungal	
colonies	 using	 a	 sterile	 spreader.	 The	 spore	 suspension	was	 filtered	 through	 a	
milk	 filter	 (Goat	 Nutrition	 Ltd,	 UK)	 to	 remove	 mycelium	 and	 the	 number	 of	
chlamydospores	 and	 ballistospores	 determined	 using	 a	 haemocytometer.	 Four	




Genome	 sequencing	 and	 assembly	 of	 I.	 pastinacae	 isolate	 IP10	 (Section	 3.2.1,	
Table	 3.1)	was	 performed	 during	 this	 study.	 The	 assembled	 genome	was	 used	
primarily	 to	 design	 I.	 pastinacae	 specific	 primers	 for	 PCR	 amplification	 and	
sequencing	of	housekeeping	genes	and	selected	 functional	genes.	 I.	pastinacae	
isolate	 IP10	was	 subcultured	 from	 the	 leading	 edge	 of	 a	 culture	 onto	MA	 and	
incubated	at	20°C	for	five	days	to	produce	an	actively	growing	colony.	Three	agar	
plugs	 of	 5	 mm	 were	 taken	 from	 the	 leading	 edge,	 placed	 into	 Petri	 dishes	
containing	 25	 mL	 PDB,	 and	 incubated	 at	 20°C	 for	 10	 days.	 Agar	 plugs	 were	
removed	 and	 the	 mycelial	 mat	 washed	 three	 times	 in	 sterile	 RO	 water	 and	
blotted	dry	on	 tissue	paper	before	being	 freeze	dried	overnight.	Genomic	DNA	
was	 extracted	 from	 the	 freeze-dried	 mycelium	 using	 DNeasy	 Plant	 Mini	 Kit	
(Qiagen	Ltd,	UK)	 following	 the	manufacturer’s	protocol.	 Isolate	 species	 identity	
was	 confirmed	 through	 PCR	 amplification	 and	 sequencing	 of	 the	 Internal	
Transcribed	Spacer	(ITS)	region.	PCR	reactions	consisted	of	10	µl	1xREDTaq	Ready	
Mix	PCR	reaction	mix	(Sigma-Aldrich	UK),	2	µl	DNA	template	(10	ng),	1	µl	primer	
template	 (0.4	 µmol	 L-1)	 and	 6	 µl	 purified	 water	 (Sigma-Aldrich,	 UK).	 Specific	
annealing	 temperatures	were	 used	 for	 each	 primer	 pair	 (Table	 3.2).	 Following	
PCR	 reaction,	 amplicons	 were	 visualized	 using	 gel	 electrophoresis	 using	 1.5%	
agarose	(Fischer	Scientific)	gels	in	tris-acetate-EDTA	(TAE)	buffer,	stained	with	2	
µl	 /	 100	ml	 of	 GelRed	 (Biotium,	 UK).	 PCR	 purification	 was	 then	 performed	 to	
extract	DNA	from	the	PCR	reaction	mixture	using	the	QIAquick	PCR	purification	
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Kit	 (Qiagen);	 5	 µl	 DNA	 template	 and	 5	 µl	 5	 pM	 sequencing	 primer	 (Table	 3.2)	
were	then	submitted	for	sequencing	by	GATC	(Konstanz,	Germnay).	
	
The	 genomic	 library	 was	 prepared	 using	 the	 Illumina	 TruSeq	 DNA	 library	
preparation	 kit	 following	 the	 manufacturers	 protocol	 (Essex,	 UK)	 and	 was	
sequenced	on	a	HiSeq	2500	 (Illumina)	using	a	51	bp	paired	end	 read.	De	novo	
assembly	of	the	Itersonilia	genome	was	built	using	SPAdes	(Version	3.8.2)	and	a	






plugs	were	 taken	 from	the	 leading	edge,	placed	 into	Petri	dishes	containing	25	
mL	PDB,	and	 incubated	at	20°C	 for	7	days.	Agar	plugs	were	 then	 removed	and	
the	 mycelial	 mat	 washed	 three	 times	 in	 sterile	 RO	 water	 and	 blotted	 dry	 on	
tissue	 paper	 before	 being	 freeze-dried	 overnight.	 Genomic	DNA	was	 extracted	
from	the	freeze-dried	mycelium	using	the	DNeasy	Plant	Mini	Kit	(Qiagen	Ltd,	UK)	
following	 the	 manufacturer’s	 protocol.	 Isolate	 species	 identity	 was	 confirmed	
through	 PCR	 amplification	 and	 sequencing	 of	 the	 ITS	 ribosomal	 DNA	 and	
Translation	Elongation	Factor	1-	(EF1-),	RNA	polymerase	II	(RpbII),	β-tubulin	
(TUB2),	 partial	 18S	 ribosomal	 RNA	 gene	 (SSU)	 and	 partial	 28S	 ribosomal	 RNA	
gene	 (LSU)	 to	 investigate	 intra-species	 diversity.	 Published	 universal	 fungal	
primers	were	 used	 for	 amplifying	 the	 ITS	 and	 EF1-α	 regions,	while	 primers	 for	




functional	 genes	 were	 identified	 by	 comparing	 variable	 genes	 from	 annotated	
sequences	of	Cryptococcus	spp.	with	the	I.	pastinacae	genome	sequence	that	we	
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had	 generated	 using	 BLAST	 analysis	 on	 NCBI.	 Four	 of	 these,	 triosephosphate	
transporter	 family	 (TTF),	 tRNA	 methyl	 transferase	 (tMT),	 cellobiose	
dehydrogenase	 (CDH)	 and	 sugar	 transporter	 genes	 (STR),	 were	 selected	 for	
amplification	 based	 on	 the	 predicted	 higher	 genetic	 variability	 to	 investigate	
intra-species	 diversity	 with	 PCR	 amplification	 carried	 out	 using	 specifically	
designed	primers	from	the	I.	pastinacae	genome	sequence.	PCR	was	carried	out	
in	20	µl	reactions	using	a	range	of	primers	(Table	3.2).	PCR	reactions	consisted	of	
10	 µl	 1xREDTaq	 Ready	 Mix	 PCR	 reaction	 mix	 (Sigma-Aldrich	 UK),	 2	 µl	 DNA	
template	 (10	 ng),	 1	 µl	 primer	 template	 (0.4	 µmol	 L-1)	 and	 6	 µl	 purified	 water	
(Sigma-Aldrich,	UK).	Specific	annealing	temperatures	were	used	for	each	primer	
pair	 (Table	 3.2).	 Full	 thermocycling	 conditions	 can	 be	 found	 in	 the	 appendix	
(Table	 A.1).	 Following	 PCR	 reaction,	 amplicons	 were	 visualized	 using	 gel	
electrophoresis	 using	 1.5%	agarose	 (Fischer	 Scientific)	 gels	 in	 tris-acetate-EDTA	
(TAE)	buffer,	stained	with	2	µl	/	100	ml	of	GelRed	(Biotium,	UK).	PCR	purification	
was	 then	 performed	 to	 extract	 DNA	 from	 the	 PCR	 reaction	mixture	 using	 the	
QIAquick	 PCR	 purification	 Kit	 (Qiagen);	 5	 µl	 DNA	 template	 and	 5	 µl	 5	 pM	













































































































































































































































































































































































































































































































































































































































































































































































Primers	 designed	 for	 the	 amplification	 of	 functional	 genes	 as	 previously	
described	 (Section	 3.2.6);	 triosephosphate	 transporter	 family,	 tRNA	 methyl	
transferase,	 cellobiose	 dehydrogenase	 and	 sugar	 transporter	 were	 tested	 for	
specificity	to	Itersonilia	spp.	Primers	were	tested	against	a	range	of	soil	and	seed-
borne	 fungal	 pathogens	 (Table	 3.4),	 to	 determine	 specificity	 to	 Itersonilia	 spp.	
Genomic	DNA	from	fungal	pathogens	was	extracted	as	described	above	(Section	
3.2.7),	from	freeze-dried	mycelium	using	the	DNeasy	Plant	Mini	Kit	(Qiagen	Ltd,	
UK)	 following	 the	 manufacturer’s	 protocol.	 PCR	 was	 carried	 out	 as	 20	 µl	
reactions	 using	 primers	 designed	 from	 the	 I.	 pastinacae	 genome	 sequence	
(Section	 3.2.7,	 Table	 3.2),	 and	 amplified	 using	 thermocycling	 conditions	 as	
previously	 described	 (Section	 3.2.7),	 modified	 to	 identify	 optimum	 conditions.	




































Table	 3.4	 –	 Table	 of	 seed	 and	 soil-borne	 fungal	 species	 for	 testing	 against	
Itersonilia	spp.	specific	primers.	Species	name,	host	and	origin	are	detailed.		
	
Number	 Species	 Host	 Origin	
1	 Fusarium	oxysporum	 Bean	 USA	
2	 F.	oxysporum	 Pea	 UK	
3	 F.	oxysporum	 Flax	 UK	
4	 F.	oxysporum	 Carnation	 UK	
5	 F.	oxysporum	 Daffodil	 UK	
6	 F.	oxysporum	 Freesia	 Netherlands	
7	 F.	oxysporum	 Banana	 UK	
8	 F.	oxysporum	 Leek	 UK	
9	 F.	oxysporum	mathiola	 Stocks	 UK	
10	 F.	oxysporum	gladioli	 Gladioli	 UK	
11	 F.	oxysporum	vasinfectum	 Cotton	 UK	
12	 F.	oxysporum	melonis	 Melon	 UK	
13	 F.	oxysporum	conglutinanas	(Race	2)	 Brassica	 UK	
14	 F.	oxysporum	radicis-lycopersici	 Tomato	 UK	
15	 F.	oxysporum	lycopersici	(Race	1)	 Tomato	 UK	
16	 F.	oxysporum	 Rocket	 UK	
17	 Fusarium	equiseti	 Rocket	 UK	
18	 Fusarium	redolens	 Rocket	 UK	
19	 Fusarium	avanaceum	 Leek	 UK	
20	 Fusarium	proliferatum	 	Onion	 UK	
21	 Fusarium	culmorum	 Leek	 UK	
22	 Fusarium	fujiluroi	 Banana	 UK	
23	 Fusarium	saccarhi	 Banana	 UK	
24	 Fusarium	trinctum	 Brassica	 UK	
25	 Fusarium	poae	 Pea	 UK	
26	 Fusarium	solani	 Pea	 UK	
27	 Fusarium	pseudocircinatum	 Banana	 UK	
28	 Fusarium	graminerum	 Onion	 UK	
29	 Botrytis	aclada	 Onion	Seed	 UK	
30	 Botrytis	allii	 Onion	Seed	 UK	
31	 Botrytis	cinerea	 Onion	Seed	 UK	
32	 Plectosphaerella	cucumerina	 Brassica	 UK	
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Number	 Species	 Host	 Origin	
33	 Neonectria	sp.	 Snowdrop	 UK	
34	 Trichoderma	sp.	 Onion	 UK	
35	 Cylindrocarpon	destructans	 Parsnip	Root	*	 UK	
36	 Sclerotinia	sclerotiorum	 	Pea	 UK	
37	 Pythium	ultimum	 Carrot	 UK	
38	 Pythium	violae	 Carrot	 UK	
39	 Mycocentrospora	acerina	 Parsnip	Root	*	 UK	
40	 Itersonilia	pastinacae	 Parsnip	Seed	*	 UK	
41	 Sclerotium	cepivorum	 	Onion	 UK	
42	 Phoma	sp.	 	Onion	 UK	
43	 Rhizoctonia	solani	 	Unknown	 UK	
44	 Verticillium	albo’atrum	 	Potato	 UK	
45	 Alternaria	alternata	 Parsnip	seed	(cv.	Panache)	*	 UK	
46	 Cladosporium	tenuissimum	 Parsnip	seed	(cv.	Panache)	*	 UK	
47	 Penicillium	chrysogenum	 Parsnip	seed	(cv.	Panache)	*	 UK	
48	 Alternaria	sp.	 Parsnip	seed	(cv.	Panache)	*	 UK	
49	 Phoma	fungicola	 Parsnip	seed	(cv.	Panache)	*	 UK	
50	 Alternaria	sp.	 Parsnip	seed	(cv.	Panache)	*	 UK	
51	 Trichoderma	hamatum	 Parsnip	seed	(cv.	Panache)	*	 UK	
52	 Cladosporium	cladosporoides	 Parsnip	seed	(cv.	Panache)	*	 UK	
53	 Cladosporium	cladosporoides	 Parsnip	seed	(cv.	Panache)	*	 UK	
54	 Penicillum	olsonii	 Parsnip	seed	(cv.	Panache)	*	 UK	
55	 Alternaria	infectoria	 Parsnip	seed	(cv.	Panache)	*	 UK	
56	 Alternaria	infectoria	 Parsnip	seed	(cv.	Panache)	*	 UK	
57	 Fusarium	chlamydosporum	 Parsnip	seed	(cv.	Panache)	*	 UK	










growing	 colony	 onto	 MA	 at	 20°C	 for	 10	 days	 to	 produce	 an	 actively	 growing	
colony.	An	agar	plug	of	5	mm	was	placed	in	the	centre	of	a	Petri	dish	of	25	ml	MA	
covered	 in	 a	 0.2	 µl	 nylon	 membrane	 filter	 (Whatman,	 England).	 Plates	 were	
sealed	with	parafilm	and	 incubated	at	20°C	for	10	days	for	development	of	the	
fungal	stage,	and	20	days	 for	development	of	 the	yeast	stage	of	 the	pathogen.	
The	mycelial	mat	was	removed	from	the	nylon	filter,	wrapped	in	sterile	foil	and	
rapidly	 frozen	 by	 placing	 in	 liquid	 nitrogen	 for	 three	minutes,	 then	 stored	 at	 -
80°C.	RNA	was	extracted	from	the	frozen	mycelium	using	the	RNeasy	Plant	Mini	
Kit	 (Qiagen	 Ltd,	 UK)	 following	 the	manufacturers	 protocol;	 DNA	was	 removed	
using	DNase	I	(Sigma-Aldrich).	RNA	purity	was	confirmed	by	running	samples	on	
a	 Bioanalyser	 (Agilent),	 and	 two	 libraries	 were	 prepared	 using	 the	 Illumina	
TruSeq	 RNA	 kit	 following	 the	manufacturers	 protocol.	 These	were	 pooled	 and	
run	on	the	Illumina	MiSeq	using	a	200	bp	paired	end	run	with	the	V2	cartridge	kit	




Itersonilia	 genome	de	novo	assembly	 (Section	3.2.8)	 using	AUGUSTUS	 (Version	
3.2.2)	from	which	a	gtf	file	was	prepared	to	identify	the	start	and	stop	positions	
of	genes,	and	exons,	in	each	contig.	The	RNA-seq	reads	for	both	the	fungal-	and	
yeast-	 form	 samples	 were	 cleaned	 using	 Trimmomatic	 for	 adapter	 sequences.	
These	were	then	mapped	to	the	earlier	prepared	assembly	using	STAR	(Version	
2.5.2),	 from	which	 a	 gtf	 file	was	 produced	 to	 the	 number	 of	 reads	mapped	 to	









Housekeeping	 and	 functional	 gene	 sequences	 obtained	 for	 all	 Itersonilia	 spp.	
Isolates	 were	 trimmed	 and	 aligned	 using	 the	 ClustalW	 algorithm	 and	 refined	
using	 the	MUSCLE	 algorithm	 implemented	 in	MEGA	 v6	 (Tamura	 et	 al.,	 2013).	
Two	multi-locus	 concatenated	 phylogenetic	 trees	 for	 each	 species	 was	 drawn,	






and,	 by	 visual	 inspection	 the	 period	 between	 day	 four	 and	 day	 eleven	 was	
selected	 as	 the	 optimum	 for	 calculation	 of	 the	 growth	 rate	 (mm	 day-1)	 and	
further	analysis	(by	day	four,	isolates	had	a	consistent	growth	rate,	whilst	at	day	
11	maximum	 colony	 size	 had	 not	 yet	 been	 reached	 at	 any	 temperature).	Data	
was	analysed	using	a	non-linear	regression	of	biological	temperature-dependent	
rate,	 based	 on	 absolute	 reaction-rate	 theory	 by	 Schoolfield	 et	 al.	 (1981).	 This	
model	 is	derived	based	upon	 the	assumptions	 that:	1)	at	all	 temperatures,	 the	
developments	rate	of	a	poikilotherm	population	 is	determined	by	a	single	rate-
controlling	 enzyme	 reaction	 and	 2)	 this	 rate-controlling	 enzyme	 is	 reversibly	
denatured	 at	 high	 and	 low	 temperatures	 but	 maintains	 a	 constant	 total	








! ! =  ! !"°!  !298 exp ∆!!!!  1298 −  1!  1+ exp ∆!!!  1!!/!! −  1! + exp ∆!!!  1!!/!! −  1!  ,															(1)	
	
where	! ! 	is	the	mean	growth	rate	at	temperature	!	(time-1),	!	is	temperature	
in	 °K	 (298°K	=	25°C),	and	!	is	 the	universal	gas	constant	 (1.987	cal	deg-1	mol-1).	
The	other	parameters	are	associated	with	the	rate	controlling	enzyme	reaction:	!(!"°!)	is	the	development	rate	at	25°C	assuming	no	enzyme	inactivation	(time-1),	∆!!! 	is	 the	 enthalpy	 of	 inactivation	 of	 the	 reaction	 that	 is	 catalysed	 by	 the	
enzyme	(cal	mol-1),	!!/!! 	is	the	temperature	(°K)	at	which	!!	the	enzyme	is	active	
and	 !! 	is	 inactive	 due	 to	 low	 temperatures,	∆!! 	is	 the	 change	 in	 enthalpy	
associated	with	 low	temperature	 inactivation	of	the	enzyme	(cal	mol-1),	!!/!! 	is	
the	 temperature	 (°K)	 at	 which	 the	 enzyme	 is	!!	active	 and	!!	high	 temperature	
inactive,	∆!! 	is	 the	 change	 in	 enthalpy	 associated	 with	 high	 temperature	
inactivation	 of	 the	 enzyme	 (cal	 mol-1).	 A	 reference	 temperature	 of	 25°C	 was	
chosen	by	Schoolfield	et	al.	 (1981),	although	 they	mention	other	 temperatures	







the	 data,	 in	 particular	 from	 IP10,	 for	 which	 growth	 rate	 at	 additional	
temperatures	 was	 measured,	 the	 intermediate	 straight	 portion	 of	 the	 fitting	





! ! =  ! !"°!  !288 exp ∆!!!!  1288−  1!  1+ exp ∆!!!  1!!/!! −  1! + exp ∆!!!  1!!/!! −  1!  .														(2)	
	
When	the	data	does	not	show	evidence	of	reduced	growth	due	to	either	high	or	
low	 temperature	 inactivation,	 Schoolfield	 et	 al.	 (1981)	 suggest	 removing	 the	
exponential	term	of	the	denominator	describing	the	corresponding	reduction	in	
growth.	 This	 eliminates	 two	 out	 of	 the	 six	 parameters	 that	 the	 data	would	 be	
unable	to	identify.	Given	the	data	collected	in	this	study	always	show	evidence	of	
inactivation	due	to	high	temperatures	but	not	always	due	to	low	temperatures,	
and	 given	 our	 choice	 of	 reference	 temperature	 of	 15	 °C,	 the	 four	 parameter	
reduced	model	used	here	takes	the	form:		






estimate	 six	 different	 parameters	 and	 therefore	 the	 four-parameter	model	 (3)	
was	 used.	 However,	 the	 additional	 measurements	 collected	 for	 the	 standard	
Itersonilia	 spp.	 isolate,	 IP10,	 were	 sufficient	 to	 estimate	 six	 independent	
parameters.	Model	fitting	was	carried	out	in	MATLAB	(Version	2015b)	using	the	
nlinfit	 function	 for	 non-linear	 regression	 curve	 fitting.	 Statistical	 analysis	 of	
growth	 rates	 for	 Itersonilia	 spp.	 isolates	 used	 a	 one-way	ANOVA	 to	 determine	








experiments	on	parsnip	 roots,	 lesion	area	 (cm2)	was	 analysed	using	 a	one-way	
ANOVA;	 no	 further	 posthoc	 test	 was	 required.	 From	 the	 Itersonilia	 spp.	
pathogenicity	 experiments	 on	 parsnip	 leaves,	 lesion	 areas	 (cm2)	 were	 loge-
transformed	to	satisfy	the	requirements	of	homogeneity	of	variance	and	reduce	
the	influence	of	residuals,	and	analysed	using	a	one-way	ANOVA	with	the	5%	LSD	
value	 calculated	 to	 directly	 compare	 isolates.	 For	 experiments	 examining	 both	
chlamydospore	and	ballistospore	production	by	Itersonilia	spp.,	mean	log10	spore	
count	 density	 (spores	 mm-2)	 for	 each	 spore	 type	 was	 plotted	 against	
temperature.	Data	were	then	analysed	using	a	one-way	ANOVA,	and	the	posthoc	





Following	 inoculation	with	 Itersonilia	 spp.	 isolates,	 all	 parsnip	 roots	 developed	
lesions	(Fig	3.1),	with	mean	lesion	area	ranging	from	2.2	cm2	to	3.2	cm2	after	60	
days	 (Fig	3.2).	There	was	a	 continuum	of	 lesion	area	across	 the	 Itersonilia	spp.	
isolates,	but	no	groups	or	outliers	were	identified	within	the	dataset.	The	ANOVA	
of	 the	 lesion	area	 (cm2)	 indicated	no	significant	effect	of	 Itersonilia	spp.	 isolate	

























Following	 inoculation,	 all	 48	 Itersonilia	 spp.	 isolates	 caused	necrotic	 lesions	 on	
detached	 parsnip	 leaves	 (cv.	 Panache)	 (Fig	 3.3),	 with	 the	 mean	 lesion	 area	




with	 no	 correlation	 between	host	 and	 lesion	 area.	 The	 posthoc	 5%	 LSD	 values	
indicated	that	 IP7	and	 IP24	were	significantly	different	 (p<0.05)	 from	all	others	
(Table	3.5).		Isolates	IP25	and	IP48	also	appear	as	significantly	different	from	the	
majority	of	other	 isolates	 (p<0.05),	with	 larger	 lesion	sizes.	Due	 to	 the	variable	




In	 comparing	 the	 virulence	 of	 isolates	 from	 both	 the	 parsnip	 root	 and	 leaf	












virulence	 on	 parsnip	 leaves	 show	 varying	 levels	 of	 high	 and	 low	 virulence	 on	





































Number	 Isolate	 Loge	transformed	mean	 5%	LSD	
1	 IP24	 -0.1479802	 a	
2	 IP25	 -0.6275184	 b	
3	 IP48	 -0.782651	 b	
4	 IP47	 -0.905793	 bc	
5	 IP34	 -1.1956396	 cd	
6	 IP21	 -1.2926864	 de	
7	 IP36	 -1.3003438	 def	
8	 IP43	 -1.3203833	 defg	
9	 IP46	 -1.3421869	 defg	
10	 IP45	 -1.3439921	 defg	
11	 IP35	 -1.401353	 defgh	
12	 IP33	 -1.4406046	 defghi	
13	 IP42	 -1.4692718	 defghi	
14	 IP40	 -1.4731119	 defghi	
15	 IP26	 -1.4884654	 defghij	
16	 IP32	 -1.4994631	 defghij	
17	 IP51	 -1.5186464	 defghijk	
18	 IP44	 -1.5234973	 defghijk	
19	 IP29	 -1.569913	 defghijkl	
20	 IP39	 -1.5723161	 defghijklm	
21	 IP23	 -1.5826685	 efghijklm	
22	 IP10	 -1.5829393	 efghijklm	
23	 IP37	 -1.5910244	 efghijklm	
24	 IP3	 -1.6362592	 efghijklm	
25	 IP30	 -1.6693541	 efghijklmn	
26	 IP15	 -1.6754654	 efghijklmn	
27	 IP12	 -1.6835767	 fghijklmn	
28	 IP38	 -1.6839003	 fghijklmn	
29	 IP31	 -1.6845307	 fghijklmn	
30	 IP41	 -1.6860966	 ghijklmn	
31	 IP19	 -1.7503632	 hijklmno	
32	 IP49	 -1.8024137	 jklmno	
33	 IP27	 -1.8102314	 ijklmnop	
34	 IP28	 -1.860816	 jklmnop	



























All	 Itersonilia	 spp.	 isolates	 grew	at	 all	 six	 temperatures	 tested	 (0,	 5,	 10,	 15,	 20	
and	 25°C)	 with	 a	 general	 trend	 of	 increasing	 growth	 rate	 with	 increasing	
temperature	over	the	range	(Fig	3.5).	The	minimum	average	rate	of	growth	over	
all	isolates	was	at	0°C	(0.48	mm	day-1),	with	values	ranging	from	0.38	to	0.59	mm	
day-1,	 and	 the	 maximum	 average	 growth	 rate	 at	 25°C	 (3.66	 mm	 day-1),	 with	
values	ranging	from	1.07	to	4.43	mm	day-1.	The	growth	rate	at	0°C	displayed	the	
smallest	 variation	between	 isolates,	with	 isolate	growth	 rates	at	5°C	displaying	
the	greatest	variation	(from	0.05	to	2.66	mm	day-1).		
	
36	 IP50	 -1.9270011	 lmnopq	
37	 IP11	 -1.9549057	 mnopqr	
38	 IP5	 -2.0455927	 nopqrs	
39	 IP1	 -2.0803795	 opqrs	
40	 IP13	 -2.1022134	 opqrs	
41	 IP20	 -2.1875356	 pqrs	
42	 IP6	 -2.2174032	 qrst	
43	 IP2	 -2.3393048	 rstu	
44	 IP8	 -2.3499942	 stu	
45	 IP4	 -2.5944395	 tuv	
46	 IP9	 -2.6007393	 tuv	
47	 IP17	 -2.6583638	 uv	








of	 I.	 pastinacae	 isolates	 (Table	3.1).	Blue	 line	 represents	 fitted	Arrhenius	 curve	
obtained	using	equation	 (3)	 for	 I.	 pastinacae	 isolates	grown	on	MA,	with	black	
triangles	 representing	 the	mean	growth	 rate	over	 four	 replicates	 for	 individual	
isolates.			
		
Some	 I.	 pastinacae	 isolates	 such	 as	 IP11,	 IP17,	 IP26	 and	 IP45,	 displayed	
consistently	 lower	 growth	 rates	 compared	 to	 other	 isolates	 at	 most	
temperatures,	 whilst	 isolates	 IP4,	 IP34,	 IP37	 and	 IP46	 displayed	 consistently	
higher	 growth.	 	 Some	 isolates	 such	 as	 IP38	 and	 IP44	 appeared	 to	 grow	
preferentially	 at	 high	 temperatures	 whilst	 others	 including	 IP2,	 IP6	 and	 IP30	
appeared	to	grow	preferentially	at	 low	temperatures.	 I.	pastinacae	 isolate	 IP10	




rate.	 A	 posthoc	 ‘Tukey’	 analysis	 carried	 out	 to	 perform	 pairwise	 comparisons	
	 77	
between	 isolates	 showed	 that	 the	 largest	 number	 of	 significant	 differences	
between	 isolates	 was	 at	 5°C,	 where	 10	 I.	 pastinacae	 isolates	 were	 each	
significantly	different	 (p<0.001)	 from	at	 least	34	other	 isolates,	with	 IP11,	 IP17,	
IP36	and	IP38	displaying	the	lowest	growth	rate,	and	IP1,	IP2,	IP4,	IP20,	IP21	and	
IP24	 displaying	 the	 highest	 growth	 rate.	 At	 10°C,	 IP11	 and	 IP17	 (the	 two	 low	
growth	rate	outliers	at	10°C	in	Fig	3.5)	are	significantly	different	(p<0.001)	from	
all	other	 isolates.	Significant	differences	 (p<0.05)	at	 this	 temperature	were	also	
detected	 between	 isolates	 with	 low	 growth	 rates	 (IP38,	 IP44,	 IP45)	 or	 high	
growth	rate	(IP34,	IP37,	IP40	and	IP41)	and	the	remaining	isolates	in	the	middle	
(see	Table	A.2	in	the	appendix).	At	15°C,	IP9	(the	high	growth-rate	outlier	at	15°C	
in	 Fig	 5.3)	was	 significantly	 different	 (p<0.001)	 from	 all	 other	 isolates.	 Isolates	
IP5,	 IP6	 and	 IP45,	with	 the	 lowest	 growth	 rates,	 also	 showed	 some	 significant	
difference	 (p<0.05)	 from	 other	 isolates.	 At	 20°C,	 the	 isolates	 significantly	
different	 from	most	others	were	 IP11	 (low	growth	rate,	Fig	3.5)	and	 IP10,	 IP13	
and	 IP34	 (high	 growth	 rate).	 At	 25°C,	 isolates	 IP11	 and	 IP17	were	 significantly	
different	from	almost	all	other	isolates	(low	growth	rate	outliers,	Fig	3.5).	The	full	
details	 of	 the	 ‘Tukey’	 analysis	 for	 comparison	 between	 all	 isolates	 at	 all	
temperatures	can	be	found	in	the	appendix	(Table	A.2).	
	
In	 addition	 to	 the	 six	 temperatures	 discussed	 above,	 IP10	 was	 selected	 as	 a	
standard	isolate	for	 I.	pastinacae	and	assessed	across	further	five	temperatures	
of	 2.5,	 17.5,	 22.5,	 27.5	 and	 30°C	 (Fig	 3.6).	 This	 isolate	 displayed	 the	 lowest	
average	 rate	 of	 growth	 at	 0°C	 (0.5	 mm/day),	 with	 no	 growth	 at	 30°C,	 and	








fitted	 curve	 obtained	 using	 equation	 (2)	 for	 IP10	 grown	 on	 MA,	 with	 black	
triangles	representing	mean	growth	rate	of	four	replicates;	error	bars	show	SEM.	
	
The	 parameter	 estimates	 from	 the	 model	 fitting	 (Table	 3.6)	 vary	 significantly	
between	the	four	parameter	model	(equation	(3))	fitted	to	all	the	Itersonilia	spp.	




for	 I.	 pastinacae	 isolate	 IP10.	 These	differences	 can	be	 attributed	 to	 two	main	
reasons.	First,	the	growth	rate	of	I.	pastinacae	isolate	IP10	was	measured	at	0°C	
and	 30°C.	 At	 these	 temperatures,	 very	 low	 growth	 rates	 were	 recorded	 in	
contrast	to	the	higher	growth	rates	at	intermediate	temperatures.	This	enabled	
	 79	
better	 estimates	 for	 the	 temperatures	 at	 which	 half	 high	 enzyme	 inactivation	
and	 half	 low	 enzyme	 inactivation	 occur,	 leading	 to	 biologically	 plausible	
parameter	 estimates.	 Second,	 from	 the	 ANOVA	 analysis	 described	 above,	
significant	differences	were	identified	between	isolates	at	all	temperatures.	This	
made	 it	challenging	 for	 the	 four-parameter	model	 to	accurately	capture	such	a	
high	level	of	variation.		
	

















Itersonilia	spp.	isolates	 13.615	 32517	 34989	 9.4386	 -	 -	






total	 spore	 production	 for	 each	 spore	 type	 expressed	 as	 spore	 density	 (spores	
mm-2),	 to	 control	 for	 the	 variation	 in	 colony	 size	 observed	 at	 different	
temperatures.	 The	 general	 trend	 of	 the	 data	 suggested	 that	 chlamydospore	
production	 was	 moderately	 higher	 than	 ballistospore	 production	 at	 low	
temperatures	 and	 significantly	 lower	 than	 ballistospore	 production	 at	 high	
temperatures	 (Fig	 3.7).	 Ballistospore	 density	 ranged	 from	 289	 to	 1,923	 spores	
mm-2	across	all	temperatures,	and	showed	a	similarly	high	range	of	values	at	0°C	
and	 20°C,	 with	 1083	 –	 1922	 spore	 mm-2	 and	 567	 –	 1513	 spores	 mm-2	
respectively	 (Fig.	 3.7).	 The	 highest	 average	 chlamydospore	 density	was	 at	 0°C,	
with	values	ranging	from	1,975	(IP1)	to	2,451	(IP38)	spores	mm-2,	and	decreased	
steadily	 with	 increasing	 temperature	 (Fig.	 3.7).	 Whilst	 the	 lowest	 average	
	 80	





ANOVA	analysis	 showed	a	 significant	effect	of	 I.	 pastinacae	 isolate	 (p<0.05)	on	
spore	 production,	 for	 both	 ballistospores	 and	 chlamydospores;	 the	 post-hoc	
‘Tukey’	analysis	was	then	performed	to	 identify	significant	differences	between	
isolates	 at	 each	 temperature.	 There	 were	 no	 significant	 differences	 between	
isolates	 when	 analysing	 chlamydospore	 production,	 but	 significant	 differences	
(p<0.05)	between	isolates	when	analysing	ballistospore	production	at	0,	10,	15,	
20	and	25°C.	The	results	showed	an	 increase	 in	significant	differences	between	
isolates	 (p<0.05)	 as	 temperature	 increased,	with	 I.	 pastinacae	 isolates	 IP4,	 IP6,	
IP22	 displaying	 consistently	 low	 densities	while	 others,	 such	 as	 IP29,	 IP32	 and	
IP38	 displaying	 consistently	 high	 densities	 for	 both	 ballistospores	 and	





Figure	 3.7	 –	 Effect	 of	 temperature	 on	 Log10	 spore	 density	 (spores	 mm-2)	 for	






LSU,	 SSU	 and	 TUB2	 and	 for	 the	 three	 functional	 genes	 triosephosphate	
transporter	 family,	 tRNA	methyl	 transferase	and	cellobiose	dehydrogenase	was	
assembled	and	a	phylogenetic	analysis	was	carried	out	 to	 identify	 intra-species	
diversity.		
	
The	 maximum	 likelihood	 and	 neighbour	 joining	 analyses	 for	 the	 ITS	 locus	
separated	the	 Itersonilia	 isolates	into	two	major	clades	(I	and	II),	of	48	and	two	
isolates	 respectively	 (Fig	 3.8	 and	 Fig	 3.9).	 No	 variation	 was	 seen	 in	 the	 clade	
containing	 the	 two	 isolates	 but	 the	 clade	with	 48	 isolates	was	 further	 divided	
	 82	
into	 three	 clusters,	 none	 of	 which	 was	 related	 to	 host	 species	 or	 geographic	
location.	 For	 example,	 isolates	 with	 the	 same	 sequence	 were	 found	 from	
Lincolnshire,	 Scotland,	 Nottingham	 and	 Middlesex,	 and	 isolated	 from	 parsnip,	
dill,	 chrysanthemum	 and	 fennel.	 The	 two	 isolates	 comprising	 the	 other	 major	
clade	 (IP38	 and	 IP44),	were	 isolated	 from	parsley	 from	Middlesex	 and	 parsnip	
seed	from	France	respectively,	again	suggesting	that	clustering	is	not	related	to	
host	 and	 location.	 Bootstrap	 values	 on	 both	 the	 maximum	 likelihood	 and	







different	 genetic	 clusters.	 Each	 of	 these	 smaller	 clusters	 contained	 between	 1	
and	18	isolates.	None	of	the	isolates	within	these	genetic	clusters	appeared	to	be	
related	 by	 host	 or	 geographical	 location,	with	 isolates	 in	 a	 single	 cluster	 being	
isolated	 from	 a	 range	 of	 host	 species	 and	 locations.	 The	 isolates	 separated	
visually	 into	 four	 groups,	 I,	 II,	 III	 and	 IV.	 Group	 I	 consisted	 of	 isolates	 from	
parsnip,	 chrysanthemum,	 dill,	 fennel	 and	 parsley	 from	 a	 range	 of	 locations,	 II	
contained	 isolates	 from	parsnip	 and	 chrysanthemum	 from	various	 locations,	 III	
contained	 isolates	 from	 parsnip	 hosts	 only	 from	 a	 range	 of	 locations	 and	 IV	
contained	isolates	from	parsnip	only	from	the	maximum	likelihood	analysis	and	





Maximum	 likelihood	and	neighbour	 joining	phylogenies	were	 constructed	 from	
concatenated	 alignments	 of	 the	 three	 functional	 genes:	 triosephosphate	
transporter	 family,	 tRNA	methyl	 transferase	and	 cellobiose	dehydrogenase	 (Fig	
	 83	
3.12	and	Fig	3.13).	Both	analyses	divided	the	I.	pastinacae	isolates	into	six	clades,	
with	 each	 clade	 further	 sub-divided	 into	 further	 genetic	 clusters.	 Each	 of	 the	
smaller	clusters	contained	between	1	and	7	isolates,	none	of	which	appeared	to	
be	 linked	 to	 host	 or	 geographical	 location.	 The	 clusters	 separated	 visually	 into	
five	 group:	 I,	 II,	 III,	 IV	 and	 V.	 The	maximum	 likelihood	 analysis	 placed	 isolates	
from	parsnip	hosts	only,	from	a	range	of	locations	into	groups	I	and	V.	Group	II	
contained	 isolates	 from	 parsnip,	 dill	 and	 parsley,	 whilst	 group	 III	 contained	
isolates	 from	parsnip,	 chrysanthemum	and	dill	 and	group	 IV	 contained	 isolates	
from	parsnip	and	fennel;	all	groups	contained	isolates	from	a	range	of	locations.	
The	 neighbour	 joining	 analysis,	 grouped	 the	 majority	 of	 isolates	 similarly,	
however,	 there	were	 some	differences:	 groups	 II	 and	 IV	 contains	 isolates	 from	
parsnip	hosts	only,	group	I	contained	isolates	from	parsnip,	chrysanthemum	and	
dill,	 group	 III	 contained	 isolates	 from	 parsnip,	 dill	 and	 parsley	 and	 group	 V	
contained	isolates	from	parsnip	and	fennel.	Again	all	isolates	in	each	group	were	
from	 a	 range	 of	 locations.	 This	 suggested	 genetic	 clusters	 were	 not	 grouped	
based	on	host	 species	or	 geographical	origin.	 The	bootstrap	values	 range	 from	
30-100%	 across	 both	 the	maximum	 likelihood	 and	 neighbour	 joining	 analyses,	




Figure	 3.8	 –	Maximum	Likelihood	phylogenetic	 tree	 for	 Itersonilia	 spp.	 isolates	
based	 on	 the	 internal	 transcribed	 spacer	 (ITS).	 Numbers	 represent	 bootstrap	
values	from	1,000	values.	Scale	bar	indicates	0.10	substitutions	per	site.	The	tree	
is	 rooted	 through	 Cryptococcus	 neoformans	 (Loftus	 et	 al.,	 2005).	 I.	 perplexans	
reference	isolate	(AB072233.1)	is	also	included.		
 IP48




































































on	 the	 internal	 transcribed	 spacer	 (ITS).	 Numbers	 represent	 bootstrap	 values	
from	1,000	replicates.	Scale	bar	indicates	0.050	substitutions	per	site.	The	tree	is	































































































based	 on	 the	 internal	 transcribed	 spacer	 (ITS),	 RNA	 polymerase	 II	 (Rpb-II),	

























































































































































































































based	 on	 the	 functional	 genes	 Triosephosphate	 transporter	 family	 (i),	 tRNA	
methyl	 transferase	 (tMT)	 and	 cellobiose	 dehydrogenase	 (CDH).	 Numbers	
represent	 bootstrap	 values	 from	 1,000	 values.	 Scale	 bar	 indicates	 0.20	


























































































































Figure	 3.13	 –	 Neighbour	 Joining	 phylogenetic	 tree	 for	 Itersonilia	 spp.	 isolates	
based	 on	 the	 functional	 genes	 Triosephosphate	 transporter	 family	 (TTF),	 tRNA	
methyl	 transferase	 (tMT)	 and	 cellobiose	 dehydrogenase	 (CDH).	 Numbers	
represent	 bootstrap	 values	 from	 1,000	 values.	 Scale	 bar	 indicates	 0.050	










































































































of	 soilborne	 fungal	 pathogens	 to	 determine	 specificity.	 PCR	 amplification	 of	
primers	36F	and	437R	 for	 the	 tRNA	methyl	 transferase	gene	gave	an	amplicon	
size	of	401	bp,	and	uniformly	amplified	all	 I.	pastinacae	 isolates	 (amplified	and	
sequenced	 for	 phylogenetic	 analysis,	 Section	 3.2.7)	 acting	 as	 positive	 controls	
with	no	amplification	in	any	of	the	other	57	fungal	species	tested	(Table	3.4).	Gel	
electrophoresis	 showed	 a	 clear	 band	 for	 I.	 pastinacae	 isolate	 IP10	 (positive	
control)	and	no	bands	for	any	of	the	other	fungi	(Fig	3.14).	PCR	amplification	of	
















































Following	 transcriptome	 assembly	 of	 both	 the	 fungal	 and	 yeast	 phases	 of	
Itersonilia,	gene	expression	analysis	was	carried	out	to	 identify	the	genes	being	
comparatively	 up-regulated	 and	 down-regulated	 in	 each	 phase.	 This	 analysis	
represent	 a	 preliminary	 descriptive	 result	 with	 further	work	 necessary	 to	 fully	
understand	the	gene	regulation	within	I.	pastinacae.		
	
	A	 total	 of	 61	 differentially	 expressed	 genes	 were	 identified	 from	 the	 I.	
pastinacae	 transcriptome	 analysis;	 17	 up-regulated	 in	 the	 fungal	 form	 (down-
regulated	 in	 the	 yeast	 form)	 and	 44	 up-regulated	 in	 the	 yeast	 form	 (down-
regulated	 in	 the	 fungal	 form)	 (Table	 3.5).	 Of	 those	 up-regulated	 in	 the	 fungal	
form,	 two	 returned	 no	 result	 from	 the	 blastx	 analysis,	 five	 were	 identified	 as	
hypothetical	 proteins	 from	 a	 range	 of	 organisms	 the	 remaining	 10	 genes	
returned	 a	 positive	 blastx	 analysis	 with	 functions	 being	 annotated	 (Table	 3.7).	
Two	 of	 the	 fungal	 up-regulated	 genes	 identified,	 g9431	 and	 g9513,	 associated	
with	 lanosterol	 conversion	 and	 ergosterol	 biosynthesis	 respectively,	 code	 for	





14	 returned	 no	 result	 from	 the	 blastx	 analysis	 and	 14	 were	 classified	 as	
hypothetical	 or	 unnamed	 proteins.	 The	 remaining	 16	 genes	 returned	 positive	
results	 from	 the	 blastx	 analysis	with	 functions	 being	 annotated	 (Table	 3.7).	 Of	
the	positively	annotated	genes	three	are	ABC	transporter	family	genes	(g15465,	
g8898	and	g8956),	 two	are	 transporter	proteins	 (g14895	and	g10211),	one	 is	a	






Table	 3.7	 –	 Differentially	 expressed	 genes	 in	 fungal	 and	 yeast	 forms	 of	 I.	
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































To	 date,	 there	 have	 been	 very	 few	 studies	 concerning	 the	 diversity	 and	
characteristics	of	Itersonilia	species,	with	no	specific	research	for	isolates	causing	
disease	on	parsnip	since	the	work	of	Channon	(1956,	1963a,	1981).	Defining	the	
biological	 characteristics	 and	 variability	 of	 I.	 pastinacae	 is	 important	 in	
understanding	 its	 epidemiology,	 assessing	 disease	 risk	 and	 developing	 control	
methods.	 The	 research	 done	 here	 on	 I.	 pastinacae	 may	 also	 be	 applicable	 to	
Itersonilia	spp.	on	other	crops.		
	
In	 the	 root	 pathogenicity	 assay,	 all	 Itersonilia	 isolates,	 including	 those	 not	
isolated	 from	 parsnip,	 led	 to	 the	 development	 of	 lesions	 on	 parsnip	 roots.	 No	
significant	 differences	 were	 detected	 between	 the	 isolates,	 and	 isolates	 from	
other	hosts	were	evenly	distributed	through	the	dataset,	 indicating	they	are	all	
equally	pathogenic	on	parsnip	 roots.	 In	 the	 leaf	pathogenicity	assay,	 Itersonilia	
isolates	 from	 all	 hosts	 led	 to	 the	 development	 of	 nectrotic	 lesions	 on	 parsnip	
leaves.	 Unlike	 for	 roots,	 in	 the	 leaf	 pathogenicity	 assay	 significant	 differences	




(Channon,	1963a;	Gladders,	1997).	 	Given	 this,	 Itersonilia	spp.	 isolates	 that	are	
more	pathogenic	on	 leaves	will	 lead	 to	 larger	necrotic	 lesions	developing,	with	
potentially	more	spores.	When	diseased	tissue	falls	into	the	soil	this	would	result	









&	 Korf	 (1960),	 who	 investigated	 host	 specificity	 of	 Itersonilia,	 it	 could	 be	
hypothesised	 that	 Itersonilia	 from	 parsnip	 hosts	would	 be	more	 aggressive	 on	
parsnip	roots	and	leaves.	However,	from	these	two	pathogenicity	assays	there	is	







rate	 was	 at	 20°C.	 This	 is	 the	 first	 comprehensive	 study	 on	 the	 effect	 of	
temperature	on	growth	of	Itersonilia	spp.	Previous	work	by	Ingold	(1984)	found	
that	the	growth	rate	of	Itersonilia	on	malt	agar	at	20°C	had	a	radial	extension	of	
about	 2	 mm	 day-1.	 However,	 Ingold	 (1984)	 only	 measured	 one	 isolate,	 and	 a	
more	 comprehensive	 study	 was	 needed.	 In	 fact,	 the	 research	 conducted	 here	
found	 the	 average	 rate	 of	 growth	 across	 all	 isolates	 to	 be	 3.1	mm	 day-1,	 with	
individual	isolate	growth	rates	ranging	from	1.82	to	4.41	mm	day-1,	thus	locating	




significantly	 between	 the	 model	 fitted	 to	 all	 Itersonilia	 spp.	 isolates	 and	 the	
standard	 isolate	 IP10.	 It	 is	 not	 appropriate	 to	 fit	 this	 model	 to	 all	 isolates	






5°C	 (Ayrest,	 1969).	However,	 all	 Itersonilia	 isolates	were	 found	 to	grow	at	0°C.	
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This	 result	 is	 in	 line	 with	 the	 taxonomy	 of	 Itersonilia	 within	 the	
Cystofilobasidiales	 order,	 a	 group	 of	 cold	 yeasts,	 including	Mrakiella	 cryoconiti	
and	Mrakia	frigida,	which	are	able	to	maintain	growth	at	temperatures	as	low	as	
-12°C	 (Margesin	 &	 Fell,	 2008;	 Ming-Xiu	 &	 Pei-Jin,	 2007).	 The	 incidence	 of	
Itersonilia	 and	 parsnip	 canker	 has	 also	 previously	 been	 found	 to	 increase	 in	
colder	 conditions,	 whilst	 the	 cut	 flower	 industry	 has	 found	 inflorescence	
symptoms	to	increase	in	number	and	severity	post	harvest,	when	refrigerated	at	
temperatures	 of	 1°C	 (Channon,	 1963a;	 Gandy,	 1966).	 Parsnips	 are	 a	
predominantly	 winter	 crop	 and,	 with	 average	 winter	 temperature	 ranges	




increase	 in	 Itersonilia	 spp.	 incidence	 over	 winter	may	 also	 be	 due,	 in	 part,	 to	
reduced	activity	and	competition	from	other	saprophytic	fungi.	It	is	important	to	
note,	 however,	 that	 whilst	 Itersonilia	 does	 continue	 to	 grow	 at	 cold	





In	 assessing	 the	 effect	 of	 temperature	 on	 spore	 production,	 chlamydospores	





crop	 to	 the	 next	 (Channon,	 1963a;	 Sowel	 &	 Korf,	 1960).	 It	 could	 therefore	 be	
hypothesised	 that	ballistospores	are	more	abundant	at	higher	 temperatures	as	
the	primary	infection	propagule	of	parsnip	foliage	and	seed	during	the	summer,	
whilst	 chlamydospores	would	be	more	abundant	at	 lower	 temperatures	as	 the	
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primary	 infection	 propagule	 of	 parsnip	 roots	 during	 the	 winter.	 	 The	 research	
conducted	 here	 confirms	 this	 hypothesis,	 as	 chlamydospore	 numbers	 were	
greater	 than	 ballistospores	 at	 low	 temperatures	 and	 ballistospore	 numbers	
greater	 than	 chlamydospores	 at	 higher	 temperatures.	 However,	 the	 density	 of	
ballistospores	 was	 observed	 to	 remain	 relatively	 constant	 over	 the	 six	
temperatures	 investigated,	 rather	 than	 reducing	 at	 lower	 temperatures,	
suggesting	that	the	fact	that	Itersonilia	spp.	have	been	detected	on	cut	flowers	at	
1°C,	and	on	plant	debris	throughout	winter	(Gandy,	1966)	 is	more	 likely	due	to	
an	 increase	 in	 chlamydospores	 production	 as	 opposed	 to	 a	 reduction	 in	
ballistospore	production.			
	
The	 understanding	 of	 which	 spore	 types	 are	 more	 prevalent	 at	 certain	
temperatures	 is	also	 important	commercially.	As	ballistospores	are	seed-borne,	
they	 cycle	 around	 parsnip	 foliage	 and	 seed,	 and	 cause	 infection	 in	 seedlings	




following	 spring	 when	 seed	 sets,	 resulting	 in	 seed	 coated	 in	 an	 increased	
Itersonilia	 inoculum.	 For	 commercial	 seed	 producers	 it	 is	 important	 to	 provide	
growers	with	clean	seed.	As	shown	by	Smith	(1966),	steam	treatment	of	45°C	for	
30	minutes	 eliminates	 Itersonilia	 spp.	 from	 the	 seed	 coat,	 resulting	 in	 reduced	
seedling	 infection.	Commercial	 seed	producers	 treat,	and	 frequently	coat,	 seed	
to	eliminate	Itersonilia	inoculum,	and	seedling	infection.		
	
The	knowledge	of	 spore	 relative	prevalence	at	certain	 temperatures	could	also	
be	used	to	more	accurately	apply	fungicides	and	control	methods,	such	as	crop	
rotations,	 to	 reduce	 the	 spread	 of	 inoculum.	 As	 ballistospores	 have	 been	
identified	in	all	Itersonilia	spp.,	and	have	been	found	in	isolates	from	a	range	of	
hosts,	 including	weed	 species	 (Gandy,	 1966),	 field	margins	 could	 be	 a	 possible	
source	 of	 inoculum,	 in	 addition	 to	 parsnip	 foliage	 and	 seed.	 By	 controlling	
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ballistospore	 release,	 the	 levels	 of	 Itersonilia	 inoculum	 could	 be	 significantly	
reduced.	 It	 is	 clear	 they	 are	 present	 at	 temperatures	 from	 0°C	 to	 25°C	 and,	
through	spore	trapping,	have	been	identified	as	more	prevalent	in	mornings	with	
heavy	dew,	and	following	irrigation	(Channon,	1963b;	Gandy,	1966).	By	applying	
fungicide	 early	 in	 the	 morning	 or	 following	 irrigation,	 it	 may	 be	 possible	 to	
reduce	 infection	 through	 the	 spread	 of	 ballistospores.	 In	 addition,	 as	
ballistospores	were	identified	across	a	range	of	temperatures,	it	is	clear	there	is	
no	specific	time	of	the	year	when	they	are	not	being	produced,	although	the	lack	
of	 foliage	 in	 winter	 would	 limit	 their	 spread.	 This	 would	 perhaps	 support	 a	
regular	 fungicide	 programme,	 based	 on	 temperature	 and	 relative	 humidity,	 to	
control	 levels	 of	 inoculum.	 Given	 the	 importance	 of	 ballistospores	 in	 the	
transmission	of	Itersonilia,	there	is	a	need	to	rapidly	detect	the	presence	of	the	
pathogen.	 The	 PCR-based	 diagnostic	 assay	 developed	 here	 will	 allow	 rapid	
diagnostics	for	the	presence	of	 Itersonilia	 in	plant	material,	soil	or	on	the	seed.	
This	 is	 particularly	 relevant	 for	 commercial	 seed	 companies,	 where	 clean,	
pathogen-free	 seed	 must	 be	 reliably	 delivered	 to	 growers.	 Conventional	 seed	
testing	takes	five	days,	and	can	be	unreliable	if	both	the	parsnip	seed	and	fungal	
colonies	are	not	examined	thoroughly.	The	use	of	Itersonilia	specific	primers	in	a	
PCR	 diagnostic	 assay	would	 increase	 productivity	 and	 accuracy	 for	 commercial	
seed	 companies.	 As	 seen	 in	 the	 trapping	 and	 quantification	 of	 Sclerotinina	
sclerotiorum	 ascospores	 in	 Brassica	 napus	 crops	 (Rogers	 et	 al.,	 2009),	 this	
method	 could	 be	 further	 developed	 into	 a	 quantitative	 PCR	 (q-PCR)	 and	 used	
alongside	spore	trapping	and	soil	sampling	to	quantify	the	levels	of	ballistospores	
within	 the	 foliar	 canopy	 and	 number	 of	 chlamydospores	 within	 the	 soil,	 to	
further	advise	control	methods	and	fungicide	applications.	
	
As	 previously	 mentioned,	 the	 root	 and	 leaf	 pathogenicity	 assays	 identified	 all	
Itersonilia	 spp.	 isolates	 from	 all	 hosts	 to	 be	 capable	 of	 infecting	 both	 parsnip	
roots	 and	 leaves,	 resulting	 in	 the	 development	 of	 necrotic	 lesions.	 One	 of	 the	
characteristics	 factors	 in	 discriminating	 between	 Itersonilia	 species	 is	 that	 an	
isolates	 obtained	 from	 one	 host	 is	 non-pathogenic	 to	 other	 host	 species;	 for	
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examples	an	isolate	from	parsnip	is	non-pathogenic	to	chrysanthemum,	and	vice	
versa	 (Channon,	 1963b;	 Sowell	 &	 Korf,	 1960).	 This	 is	 in	 direct	 contrast	 to	 the	
results	of	this	study,	where	isolates	from	other	hosts,	including	chrysanthemum,	
dill,	parsley	and	fennel,	were	shown	for	the	first	 time	to	be	able	to	 infect	both	
parsnip	 roots	 and	 leaves.	 As	 a	 direct	 contradiction	 to	 one	 of	 the	 key	
discriminating	 factors	 between	 Itersonilia	 species,	 it	 brings	 into	 question	 the	
concept	 of	 two	 separate	 species.	 Further	 to	 this,	 the	 results	 from	 the	
experiments	 into	 the	 effect	 of	 temperature	 on	 spore	 production	 found	 all	
Itersonilia	spp.	isolates	to	produce	both	chlamydospores	and	ballistospores,	with	
no	 difference	 in	 spore	 numbers	 related	 to	 host.	 According	 to	 Channon	 (1956),	
the	 other	 key	 factor	 in	 discriminating	 between	 Itersonilia	 spp.	 isolates	 is	 the	
abundant	 production	 of	 chlamydospores	 in	 I.	 pastinacae	 isolates	 from	 parsnip	
whilst	 isolates	 from	 other	 hosts	 rarely	 producing	 any	 chlamydospores.	 The	
results	 in	 this	 study	 are	 again	 a	 direct	 contradiction	 to	 the	 work	 of	 Channon	
(1956),	 further	 questioning	 the	 concept	 of	 two	 separate	 species.	 Finally,	 the	
phylogenetic	 analyses	 of	 the	 six	 housekeeping	 and	 three	 housekeeping	 genes	
identified	 diversity	 between	 the	 Itersonilia	 spp.	 isolates.	 Each	 clade	 contained	
isolates	from	a	range	of	locations,	and	isolates	from	the	same	location	featured	
in	 different	 clades:	 for	 example,	 three	 Itersonilia	 isolates	 from	 dill,	 fennel	 and	
parsley	(IP36,	IP37	and	IP38)	from	a	farm	in	Middlesex	are	not	found	together	in	
a	 single	 clade.	 It	 might	 be	 expected	 that	 this	 was	 a	 single	 introduction	 of	
Itersonilia	 that	 spread	 across	 all	 available	 hosts,	 however	 even	 in	 the	 ITS	
phylogeny	only	two	of	these	isolates	(IP36	and	IP37)	are	grouped	together.	This	
indicates	 that	 the	 distinction	 between	 isolates	was	 not	 based	 on	 geographical	
location.	Within	the	six	loci	housekeeping	gene	phylogenies,	two	clades	from	the	
maximum	likelihood	analysis	and	one	clade	from	the	neighbour	 joining	analysis	
are	 comprised	 of	 isolates	 from	 only	 parsnip	 hosts.	 In	 the	 three	 loci	 functional	
gene	 analysis	 two	 different	 clades	 in	 each	 analysis	 (maximum	 likelihood	 and	
neighbour	joining)	are	comprised	solely	of	isolates	from	parsnip	hosts.	All	other	
clades	 comprise	 isolates	 from	 a	 variety	 of	 other	 hosts	 (chrysanthemum,	 dill,	
fennel	and	parsley)	suggesting	 the	distinction	between	 isolates	 is	not	based	on	
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host.	 Based	 on	 all	 these	 data,	 there	 is	 little	 evidence	 for	 these	 isolates	 to	 be	
classed	 as	 two	 separate	 species.	However,	 to	 fully	 determine	 the	phylogenetic	
analyses,	 further	 isolates	 from	 hosts	 other	 than	 parsnip	 would	 help	 to	







fungal	 phase	 (down-regulated	 in	 the	 yeast	 phase)	 and	 44	 up-regulated	 in	 the	
yeast	 phase	 (down-regulated	 in	 the	 fungal	 phase).	 Two	 of	 the	 genes	 up-
regulated	 in	 the	 fungal	 phase	 (g9431	 and	 g9513)	 encode	 a	 cytochrome	 P450	
enzyme	 associated	 with	 ergosterol	 biosynthesis.	 The	 best	 hit	 organisms	
associated	 with	 this	 annotated	 function	 is	 Xanthophyllomyces	 dendrorhou,	 a	
basidiomycetous	 yeast.	 The	 protein	 is	 highly	 conserved,	 and	 thought	 to	 be	
involved	in	the	last	step	of	the	ergosteol	biosynthesis	conversion	pathway	(Loto	
et	al.,	2012).	 In	Xanthophyllomyces	 this	protein	appears	 to	be	closely	 linked	 to	
carotenoid	production.	However,	 in	 higher	 fungi,	 it	 is	 thought	 to	be	 related	 to	
climatic	 instabilities	 (Dupont	et	 al.,	 2012).	 As	 Itersonilia	 spp.	 is	 from	 the	 order	
Cystofilobasidiales,	a	group	of	arctic	yeast	(Millanes	et	al.,	2011),	and	as	shown	in	
the	 experiments	 here	 assessing	 the	 effect	 of	 temperature	 on	 growth	 rate,	
Itersonilia	 is	 able	 to	maintain	 growth	 at	 low	 temperatures.	 Therefore,	 the	 up-




the	 fungal	 phase	 are	 g16384	 and	 g5246:	 these	 code	 for	 pectinase-like	 and	
polysaccharide	 lyase	family	proteins,	respectively.	Pectinase	and	polysaccharide	
lyase	 proteins	 have	 been	 found	 in	 plant	 pathogens	 such	 as	 Fusarium	
graminearum	 and	 Phytophthora	 infestans	 to	 play	 a	 role	 in	 polysaccharide	
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degradation	 for	 cell	 wall	 disruption	 in	 plants	 (Zhao	 et	 al.,	 2013;	 Förster	 &	
Mendgen,	 1987).	 These	 two	 genes	 do	 not	 appear	 to	 be	 up-regulated	 in	 the	
fungal	phase	of	 Itersonilia	and,	as	shown	by	Boekhout	 (1991),	 Itersonilia	 in	 the	
yeast	 phase	 is	 non-pathogenic	 on	 parsnip.	 It	 could	 therefore	 be	 hypothesized	
that	 these	 two	 genes	 coding	 for	 pectinase	 and	 lyase	 family	 proteins	 could	 be	
involved	in	the	pathogenicity	of	Itersonilia	in	the	fungal	form	on	plant	material,	





transport,	and	are	well	 characterised	 in	vertebrates	 to	play	an	essential	 role	 in	
lipid	transport	and	metabolism.	The	only	research	carried	out	on	the	function	of	
this	 sub-family	 in	 relation	 to	 fungi	 is	 in	Magnaporthe	 grisea,	 a	 rice	 pathogen,	
where	 they	 are	 required	 for	 pathogenesis	 and	 development	 of	 appressoria	
(Kovalchuk	et	al.,	2013),	although	they	have	been	found	in	other	plant	pathogens	
too	 (Perlin	 et	 al.,	 2014).	 	 However,	 as	 no	 research	 to	 date	 has	 confirmed	 the	
pathogenicity	 of	 Itersonilia	 in	 the	 yeast	 phase,	 the	 specific	 function	 of	 these	
genes	in	Itersonilia	cannot	be	confirmed.	
	








In	 conclusion,	 this	work	 required	 the	development	of	novel	 robust	methods	 to	





The	 results	 confirm	 Itersonilia	spp.	 are	able	 to	grow	at	 low	 temperatures,	with	






This	 study	 is	 also	 the	 first	 one	 where	 transcriptome	 sequencing	 and	 gene	
expression	 analysis	 of	 the	 fungal	 and	 yeast	 phase	 of	 Itersonilia	 spp.	 were	
performed.	Up-regulated	and	down-regulated	genes	of	interest	were	identified,	
possibly	 relating	 to	 pathogenicity	 and	 the	 morphogenic	 transition	 from	 the	
fungal	 to	 yeast	 phase.	 In	 addition,	 the	 specific	 PCR	 assay	 developed	 here	 has	
commercial	 potential	 for	 rapid	 and	 reliable	 detection	 of	 Itersonilia	 spp.	 from	
plant	 tissue,	 seed	 and	 soil	 to	 improve	 the	 productivity	 and	 accuracy	 in	
commercial	 seed	 testing.	 The	 results	 of	 this	 novel	 analysis	 provide	 a	 more	
comprehensive	understanding	of	the	biological	and	molecular	characteristics	of	
Itersonilia	 spp.	 Although	 more	 work	 needs	 to	 be	 done	 in	 assessing	 the	
pathogenicity	 of	 parsnip-derived	 Itersonilia	 spp.	 isolates	 on	 other	 hosts,	 the	
results	of	the	pathogenicity	assays	and	molecular	analysis	conducted	here	do	not	









C.	 destructans	 and	M.	 acerina	 are	 known	 plant	 pathogens	 of	 parsnip,	 causing	
orange	 and	 black	 root	 cankers	 respectively,	 which	 can	 lead	 to	 significant	 crop	
losses	(Channon,	1965,	1981;	McPherson,	2013).	Little	research	has	been	carried	





of	 fungi	 containing	 a	 number	 of	 plant	 pathogens	 including	 Cylindrocarpon	
species,	which	 are	 responsible	 for	 infecting	 a	 range	of	 trees	 and	woody	plants	
(Castlebury	 et	 al.,	 2006),	 such	 as	 beech,	 grapevine,	 pine,	 ginseng	 and	 apple	
causing	 symptoms	 such	 as	 bark	 canker,	 black	 foot	 rot	 and	 root	 disease	
respectively	 (Castlebury	 et	 al.,	 2006;	 Alaniz	 et	 al.,	 2007;	 James,	 2008;	 Braun,	
1995).	 Historically,	 such	 brightly	 coloured	 and	 uniloculate,	 perithecial	
ascomycetes	 were	 classified	 in	 the	 genus	 Nectria	 of	 the	 Hypocreales	 order,	
where	 approximately	 125	 Cylindrocarpon	 spp.	 have	 been	 described	 to	 date	
(Mantiri	 et	 al.,	 2001).	 However,	 recent	 taxonomic	 studies	 have	 attempted	 to	
redefine	Nectria,	with	many	 species	 being	 redistributed	 among	 genera	 in	 both	
the	 Bionectriaceae	 and	 Nectriaceae	 (Rossman	 et	 al.,	 1999).	 In	 addition,	 many	
teleomorphs	 and	 anamorphs	 exist	 within	 the	 Nectria	 group	 (Samuels	 et	 al.,	
2009).	 Neonectria	 radicicola	 and	 Ilyonectria	 radicicola	 represent	 that	 same	
species	and	are	teleomorphs,	whilst	C.	destructans	is	described	as	the	anamorph	
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limited	 importance	 on	 vegetables,	 small	 fruits,	 fruit	 trees,	 forage	 plants,	
ornamentals	and	conifers	(Mantiri	et	al.,	2001).	Of	these	sectors,	grapevines	are	




on	 plant	 hosts,	 colony	 morphology	 and	 reproductive	 characters	 following	
isolation	 (Fox	&	Narra,	2006).	This	 is,	however,	prone	 to	 inaccuracy	due	 to	 the	
occurrence	of	fast	growing	saprophytes	also	present	within	diseased	tissue,	and	
changes	 in	 symptomology	 due	 to	 environmental	 factors	 such	 as	 extreme	
temperatures	(Probst,	2011).	Moreover,	colony	morphology	is	often	insufficient	
to	 differentiate	 species,	 and	 hence	 gene	 sequence	 data	 is	 now	 being	 used	 to	
supplement	traditional	morphological	techniques	(Petit	&	Gubler,	2005).	The	ITS	
(Internal	 transcribed	 spacer)	 regions	 of	 the	 rRNA	 genes	 have	 been	 used	 to	
identify	Cylindrocarpon	spp.,	but	frequently	fail	to	differentiate	between	closely	
related	 species	 due	 to	 insufficient	 polymorphism	 (Jones,	 2001).	 In	 such	 cases,	







Dimond,	 1960).	 Whilst	 no	 research	 has	 been	 carried	 out	 to	 determine	 the	
pathogenicity	 of	 C.	 destructans	 isolates	 from	 parsnip,	 there	 is	 evidence	 that	
isolates	within	the	same	Cylindrocarpon	species	may	differ	in	their	pathogenicity.	
For	 instance,	 Seifert	 et	 al.	 (2003)	 reported	 significant	 differences	 between	
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virulence	 of	C.	 destructans	 isolates	 in	 ginseng	 and	 conifer,	 as	 did	 Alaniz	 et	 al.	
(2009)	for	isolates	of	C.	macrodidymum	in	grapevine.	However,	research	by	Petit	
&	 Gubler	 (2005)	 found	 no	 difference	 between	 C.	 destructans	 or	 C.	
macrodidymum	 in	 their	 ability	 to	 infect	 grapevine,	 with	 all	 isolates	 causing	
significant	 root	 rot	 symptoms.	 Probst	 (2011)	 noted	 that	 investigations	 into	 the	
relative	pathogenicity	of	 fungal	 isolates	 required	 the	development	of	a	 reliable	




shoulder	 cankers	 on	 parsnip	 roots.	 He	 then	 tested	 eight	 of	 these	 isolates	 for	
pathogenicity	of	parsnips,	by	inserting	agar	plugs	into	slits	in	the	shoulders	of	the	
roots.	 Results	 varied	 in	 virulence,	 identifying	 four	 highly	 pathogenic	 and	 four	
weakly	pathogenic	isolates,	with	all	symptoms	identical	to	those	on	the	original	
roots.	 This	work	proved	C.	destructans	 can	 cause	 canker	 symptoms	on	parsnip	
roots.	However,	it	was	not	possible	to	ascertain	from	this	study	if	C.	destructans	
was	a	primary	pathogen	able	to	infect	undamaged	root	tissue,	as	the	roots	these	
isolates	 were	 originally	 isolated	 from	 reported	 extensive	 damage	 from	 carrot	
root	fly	larvae	(Channon,	1981).		
	
Whilst	 no	 studies	 have	 been	 carried	 out	 into	 the	 relative	 pathogenicity	 of	 C.	
destructans	isolates	from	parsnip	since	the	work	of	Channon	(1981),	there	have	




scorching	 at	 the	 edge	 were	 also	 observed	 in	 a	 number	 of	 the	 plants,	 with	 a	
substantial	 reduction	 in	 vigour,	 and	 reduced	 shoot	 growth	 also	 documented	






et	 al.,	 2001).	 Alaniz	 et	 al.	 (2007)	 identified	 a	 range	 of	 virulence	 between	
Cylindrocarpon	 spp.	 isolates	 following	 root	 dipping,	 and	 it	was	 also	 noted	 that	
Cylindorcarpon	macrodidymum	and	Cylindrocarpon	liriodendri	spp.	isolates	from	










of	 nutritional	 modes.	 In	 addition	 to	 the	 Mycosphaerellaceae	 the	 order	 also	




families	 of	 dicotyledons,	most	monocotyledons,	 some	 gymnosperms	 and	 ferns	
(Pollack,	 1987).	 Cercospora	 species,	 including	 M.	 acerina,	 are	 commonly	
associated	with	leaf	spots,	but	can	also	cause	nectrotic	lesions	on	flowers,	fruit,	
bracts,	 seeds	 and	 pedicles	 of	 numerous	 hosts	 in	most	 climatic	 regions	 (Agrios,	
2005).	In	addition,	several	species	of	this	genus	are	also	known	hyperparasites	of	
other	 plant	 pathogenic	 fungi	 (Shin	 &	 Kim,	 2001),	 and	 have	 been	 used	 as	
biocontrol	agents	of	weeds	(Morris	&	Crous,	1994).	
	
The	 current	 host	 range	 of	M.	 acerina	 consists	 of	 90	 plant	 species	 comprising	




chlamydospores	 (as	 described	 in	 Chapter	 1)	 produced	 in	 senescing	 tissue.	 It	 is	
common	agricultural	practice	to	plough	 in	 this	 infected	material,	hence	 leading	
to	increased	inoculum	levels	in	soil	(Day	et	al.,	1972;	Wall	&	Lewis,	1978).	While	
the	 mode	 of	 infection	 through	 which	M.	 acerina	 infects	 parsnips	 is	 not	 fully	
understood,	Wall	&	Lewis	(1979)	demonstrated	a	high	correlation	between	levels	
of	 chlamydospore	 inoculum	 in	 the	 soil	 at	 time	 of	 sowing	 and	 subsequent	
infection	 in	 the	 carrot	 crop,	 while	 Newhall	 (1944)	 stated	 that	 a	 three-year	




damage	 and	 wounding,	 suggesting	 mechanical,	 as	 well	 as	 other	 pathogens	 or	
insect	damage,	could	be	partially	responsible	for	M.	acerina	infections	(Davies	&	
Lewis,	 1981).	 Therefore,	 it	 could	 be	 hypothesised	 that	 the	 increased	 conidia	
production	 during	 the	 spring	 and	 autumn	 (Arsvoll,	 1969)	 results	 in	 aerial	
transmission	 throughout	 the	 summer	 when	 foliage	 is	 present,	 whilst	 the	
abundance	of	chlamydospores	produced	in	senescing	tissue	throughout	autumn	








parsnip,	 carrot	 and	 celery	 were	 cross-infected	 in	 all	 combinations	 by	 placing	
inoculated	 beet	 seed	 against	 the	 shoulders	 and	 petiole	 base,	 respectively.	 The	
inoculated	sites	were	then	re-covered	with	compost,	and	assessed	for	root	and	
petiole	 disease.	 Both	 parsnip	 and	 celery	 developed	 extensive	 cankers,	 whilst	
carrots	 developed	 less	 pronounced,	 dry,	 shallow	 lesions.	 Isolates	 from	 parsnip	
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and	 carrot	 were	 generally	 more	 virulent,	 with	 a	 detected	 difference	 in	 the	
pathogenicity	of	the	two	isolates	from	parsnip	(Channon,	1965).			
	
In	 assessing	 the	 effect	 of	 temperature	 on	 M.	 acerina	 growth	 rate,	 Channon	
(1965)	 cultured	 isolates	 from	 parsnip,	 carrot	 and	 celery	 hosts,	 at	 a	 range	 of	
temperatures	 between	 -0.7	 and	 29.0°C.	 All	 isolates	 displayed	 similar	 growth-
temperature	 curves	 where	maximum	 growth	 was	 achieved	 in	 the	 range	 18.5-
21.5°C.	Research	by	Srivastava	(1958)	found	M.	acerina	 isolates	from	carrot	 led	
to	 the	 development	 of	 lesions	 in	 both	wounded	 and	 unwounded	 carrots	 after	
four	weeks	at	18°C	following	inoculation	with	mycelium;	in	addition,	the	isolate	
was	also	found	to	be	pathogenic	on	celery,	where	necrotic	spots	were	produced	
within	 three	days	 after	 spraying	of	 a	 spore	 suspension	onto	2	week	old	plants	
(Srivastava,	1958).		In	contrast,	research	by	Iqbal	&	Webster	(1969)	assessed	the	
pathogenicity	of	M.	acerina	 isolates	on	carrot	and	parsnip,	noting	that	mycelial	
inoculation	 led	 to	 lesions	 developing	 on	 both	 carrot	 and	 parsnip	 roots.	 It	 was	
noted	 the	 lesions	 on	 parsnip	 were	 more	 extensive,	 dark	 brown	 and	 soft,	
compared	to	the	dry,	shallow	lesions	on	carrots	(Iqbal	&	Webster,	1969).		
	
Limited	 molecular	 data	 for	 understanding	 the	 taxomony	 of	M.	 acerina	 exists,	
with	 only	 70	 ITS	 sequences	 for	 M.	 acerina	 available	 on	 GenBank.	 However,	
Stewart	 et	 al.	 (1999)	 examined	 the	 phylogenetic	 relationships	 of	
Mycosphaerellaceae,	using	common	housekeeping	genes,	 specifically	 rRNA	and	
non-coding	 rDNA,	 to	 assess	 both	 conserved	 and	 variable	 regions	 for	 inferring	
phylogenetic	relationships.	
	
Other	 than	 the	 work	 of	 Channon	 (1965),	 little	 is	 understood	 about	 the	





• To	 determine	 the	 effect	 of	 temperature	 on	mycelial	 growth	 and	 spore	
production	 of	 different	 C.	 destructans	 and	 M.	 acerina	 isolates	 from	
parsnip;	







from	 the	 31	 isolated	 from	 diseased	 parsnip	 roots	 (Chapter	 1)	 were	 selected	
based	upon	geographic	origin	 to	 reduce	 isolate	duplication	 (Table	4.1).	Parsnip	
roots	(cv.	Javelin)	were	mechanically	harvested,	washed	with	tap	water,	surface	
sterilized	with	 70%	ethanol	 (v/v)	 and	 air-dried.	 Each	 root	was	 checked	 for	 any	
disease	symptoms	before	the	widest	part	of	the	root	was	inoculated	with	a	5	mm	
agar	 plug	 of	 a	 C.	 destructans	 isolate	 from	 a	 seven-day-old	 actively	 growing	
colony,	 grown	 on	 potato	 dextrose	 agar	 (PDA)	 at	 20°C,	 in	 dark	 conditions.	
Parsnips	were	then	incubated	at	12°C	on	damp	tissue	in	sealed	3	L	plastic	boxes	
and	moist	conditions	maintained	to	encourage	disease	development	by	misting	
roots	with	 RO	water	 once	 a	week.	 Six	 replicate	 parsnip	 roots	were	 set	 up	 for	








Isolation	code	 Site	 Location	 Country	
CD1	 R1.2	 1	 Spalding,	Lincolnshire	 England	
CD5	 R3.10	 1	 Spalding,	Lincolnshire	 England	
CD10	 R8.6	(2)	 1	 Spalding,	Lincolnshire	 England	
CD18	 Cylindrocarpon	2	 2	 Spalding,	Lincolnshire	 England	
CD19	 R2	W10	B	 2	 Spalding,	Lincolnshire	 England	
CD20	 R13.2	 3	 Spalding,	Lincolnshire	 England	
CD21	 R22	 3	 Spalding,	Lincolnshire	 England	
CD22	 R1.1	(3)	 4	 Cupar,	Fife	 Scotland	
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CD23	 R2.1	 4	 Cupar,	Fife	 Scotland	
CD24	 R3.1	(2)	 4	 Cupar,	Fife	 Scotland	
CD25	 R4.2	 4	 Cupar,	Fife	 Scotland	
CD26	 R7.2	 4	 Cupar,	Fife	 Scotland	
CD27	 R8.1	 4	 Cupar,	Fife	 Scotland	
CD28	 R9.2	 4	 Cupar,	Fife	 Scotland	
CD30	 Elsoms	2	 5	 Spalding,	Lincolnshire	 England	




Experiments	 were	 set	 up	 in	 the	 glasshouse	 to	 assess	 the	 pathogenicity	 of	
different	C.	destructans	 isolates	on	parsnip	seedlings	 in	controlled	environment	
experiments	 using	 the	 same	 isolates	 as	 used	 in	 the	 parsnip	 root	 pathogenicity	




glasshouse	 compartment	 at	 20°C,	 and	 after	 three	 weeks	 plastic	 bags	 were	
removed	 from	 the	 trays.	When	 seedlings	were	 five	weeks	 old	 they	were	 then	
used	 in	 the	 pathogenicity	 tests.	C.	 destructans	 isolates	 were	 subcultured	 onto	
PDA	and	grown	 for	10	days	at	20°C.	 Five	mycelial	plugs	 from	 the	 leading	edge	
were	 placed	 into	 sterile	 500	ml	 flasks	 containing	 300	ml	 50%	 Potato	 Dextrose	
Broth	(PDB).	Flasks	were	placed	into	an	incubator	at	20°C	and	shook	regularly	to	
ensure	even	growth	of	C.	destructans.	After	eight	weeks,	spore	suspensions	were	
produced	 by	 removing	 the	 mycelial	 matt	 and	 placing	 into	 300	 ml	 RO	 water	
followed	by	homogenising	(MSE,	England)	and	filtering	through	muslin	(190	mm)	









the	 bottom	 to	 prevent	 cross-contamination	 and	 dispersal	 of	 inoculum,	
temperature	 was	 maintained	 at	 20°C	 with	 16	 h	 photoperiod.	 Seedlings	 were	
assessed	 for	 germination,	 development	 of	 disease	 symptoms	 and	 mortality		
twice	 weekly	 for	 two	 weeks.	 After	 two	 weeks,	 seedlings	 were	 individually	
harvested	and	scored	for	presence	of	brown	root	symptoms.	One	tray	per	isolate	





rate	 of	 C.	 destructans	 isolates	 on	 two	 different	 media	 using	 the	 same	 set	 of	
isolates	 selected	 for	 the	 pathogenicity	 experiments	 (Section	 4.2.1,	 Table	 4.1).	
Petri	 dishes	 containing	 25	ml	 of	 PDA	or	 Czapek	Doz	Agar	 (CDA)	were	 centrally	
inoculated	with	a	5	mm	mycelial	plug	 taken	 from	 the	actively	growing	edge	of	





standard	 isolate	 to	 test	 the	 effect	 of	 additional	 temperatures,	 in	 order	 to	
perform	 more	 accurate	 parametric	 model	 fitting.	 A	 5	 mm	 mycelial	 plug	 was	
taken	from	the	edge	of	an	actively	growing	colony	and	placed	into	the	centre	of	
petri	 dishes	 containing	25	ml	of	PDA	or	CDA.	Plates	were	 sealed	with	parafilm	











Plates	were	placed	 into	 incubators	 at	5,10,	 15,	 20	and	25°C	 in	darkness	 for	14	
days.	 Once	 removed,	 1	 ml	 sterile	 RO	 water	 was	 added	 and	 spores	 gently	
removed	using	a	sterile	spreader.	Spore	suspensions	were	filtered	through	a	190	
mm	milk	filter	(Goat	Nutrition	Ltd,	UK)	to	remove	mycelium,	and	the	number	of	




C.	 destructans	 isolates	 were	 cultured	 on	 PDA	 at	 20°C	 for	 7	 days	 to	 produce	
actively	 growing	 colonies.	 Three	 agar	 plugs	 of	 5	 mm2	 were	 taken	 from	 the	
leading	 edge,	 placed	 into	Petri	 dishes	 containing	25	mL	PDB,	 and	 incubated	 at	
20°C	 for	 7	 days.	 Agar	 plugs	were	 then	 removed	 and	 the	mycelial	mat	washed	
three	 times	 in	 sterile	 RO	 water	 and	 blotted	 dry	 on	 tissue	 paper	 before	 being	
freeze-dried	 overnight.	 Genomic	 DNA	 was	 extracted	 from	 the	 freeze-dried	
mycelium	 using	 the	 DNeasy	 Plant	 Mini	 Kit	 (Qiagen	 Ltd,	 UK)	 following	 the	
manufacturer’s	 protocol.	 Isolate	 species	 identity	 was	 confirmed	 through	 PCR	
amplification	and	sequencing	of	the	 Internal	Transcribed	Spacer	(ITS)	ribosomal	
DNA	 and	 Translation	 Elongation	 Factor	 1-α	 (EF-1α),	 RNA	 Polymerase	 II	 (RpbII)	
and	 Beta-Tubulin	 (TUB2)	 loci	 amplified	 and	 sequenced	 to	 investigate	 intra-
species	diversity.	PCR	was	carried	out	in	20	µl	reactions	using	a	range	of	primers	
(Table	 4.2).	 Reaction	 mixtures	 consisted	 of	 10µl	 1xREDTaq	 Ready	 Mix	 PCR	
reaction	 mix	 (Sigma-Aldrich,	 UK),	 2	 µl	 DNA	 template	 (10	 ng),	 1	 µl	 primer	










in	 Table	 4.2).	 Following	 PCR	 reaction,	 amplicons	 were	 visualized	 through	 gel	
electrophoresis	 using	 1.5%	 agarose	 (Fischer	 Scientific)	 gels	 in	 1	 x	 tris-acetate-
EDTA	 (TAE)	 buffer,	 stained	 with	 2	 µl	 /	 100	 ml	 of	 GelRed	 (Biotium,	 UK).	 PCR	




























































































































































































































































































































































































































Experiments	were	 set	 up	 to	 assess	 the	pathogenicity	 of	M.	acerina	 isolates	 on	
freshly	 harvested	 parsnip	 roots	 from	 commercial	 parsnip	 growers.	 A	 total	 of	
seven	 isolates	 were	 isolated	 from	 diseased	 parsnip	 roots	 (Table	 4.3).	 Parsnip	
roots	 (cv.	 Picador	 from)	were	mechanically	 harvested,	washed	with	 tap	water,	
surface	sterilized	with	70%	ethanol	(v/v)	and	air-dried.	Each	root	was	checked	for	
disease	symptoms	before	the	widest	part	of	the	root	was	inoculated	with	a	5	mm	
agar	 plug	 of	M.	 acerina	 isolate	 from	 a	 ten-day-old	 actively	 growing	 colony	 on	
PDA,	incubated	at	20°C,	in	dark	conditions.	Parsnips	were	then	incubated	at	12°C	
on	damp	 tissue	 in	 sealed	3	 L	plastic	boxes	and	moist	 conditions	maintained	 to	
encourage	 disease	 development	 by	misting	 roots	with	 RO	water	 once	 a	week.		
Six	 replicate	 parsnip	 roots	 were	 set	 up	 for	 each	M.	 acerina	 isolate,	 and	 three	
repeat	 experiments	 were	 carried	 out.	 Photographs	 were	 taken	 weekly	 from	







isolate	number	 Isolation	code	 Site	 Location	 Country	
MA1	 1	 1	 Lincolnshire	 England	
MA2	 1	 2	 Spalding,	Lincolnshire	 England	
MA3	 1	 3	 Lincolnshire	 England	
MA4	 1	 3	 Lincolnshire	 England	
MA5	 1	 2	 Spalding,	Lincolnshire	 England	
MA6	 R9.3	 2	 Spalding,	Lincolnshire	 England	



















20	ml	 sterile	 RO	 water	 added	 to	 each	 box	 before	 sealing	 the	 lid.	 Boxes	 were	
placed	in	a	controlled	environment	room	at	20°C	and	16	h	photoperiod.	Control	
(non-inoculated)	seedlings	were	sown	in	250	g	sieved	sharp	sand	only	and	20	ml	
sterile	 RO	 water	 added	 as	 before.	 Seedlings	 were	 assessed	 for	 germination,	
development	of	disease	symptoms	and	mortality	twice	weekly	for	40	days.	Forty	





Experiments	 were	 set	 up	 to	 determine	 the	 effect	 of	 temperature	 on	 mycelial	
growth	 of	M.	 acerina	 isolates	 at	 different	 temperatures	 using	 the	 same	 set	 of	
isolates	 as	 used	 in	 the	 parsnip	 root	 pathogenicity	 experiments	 (Section	 4.2.6,	
Table	4.3).	Petri	dishes	containing	25	ml	of	PDA	were	centrally	inoculated	with	a	
5	mm	mycelial	 plug	 taken	 from	 the	 actively	 growing	 edge	 of	 each	M.	 acerina	
isolate.	Plates	were	sealed	with	parafilm	and	placed	into	incubators	at	5,	10,	15,	
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20	and	25°C,	 in	darkness.	A	total	of	 four	replicate	plates	 isolate	were	prepared	
and	growth	measurements	of	colony	diameter	at	two	perpendicular	points	were	
taken	 twice	 weekly	 for	 a	 period	 of	 30	 days.	 Following	 these	 experiments,	M.	
acerina	 isolate	 MA2	 was	 selected	 as	 a	 standard	 isolate	 to	 test	 the	 effect	 of	
additional	 temperatures,	 in	 order	 to	 perform	more	 accurate	parametric	model	
fitting.	 A	 5	mm	mycelial	 plug	was	 taken	 from	 the	 edge	 of	 an	 actively	 growing	
colony	and	placed	into	the	centre	of	Petri	dishes	containing	25	ml	of	PDA.	Plates	






20	°C	 in	the	dark	or	under	UV	lighting	using	the	same	set	of	 isolates	as	used	 in	




h	 photoperiod.	 Once	 removed,	 1	 ml	 sterile	 RO	 water	 was	 added	 and	 spores	
gently	removed	using	a	sterile	spreader.	Spore	suspensions	were	filtered	through	
a	 190	 mm	 milk	 filter	 (Goat	 Nutrition	 Ltd,	 UK)	 to	 remove	 mycelium	 and	 the	






Table	 4.3)	 was	 performed	 during	 this	 study	 primarily	 to	 design	 M.	 acerina	
specific	 primers	 for	 PCR	 amplification	 of	 housekeeping	 genes,	 as	 published	
universal	 fungal	 primer	 sequences	 (with	 the	 exception	 of	 ITS)	 were	 not	
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successful	 in	 amplifying	DNA	 from	M.	acerina	 isolates.	M.	acerina	 isolate	MA2	
was	grown	on	PDA	at	20°C	 in	dark	conditions	for	7	days	to	produce	an	actively	
growing	 colony.	 Three	 agar	 plugs	 of	 5	mm	were	 then	 taken	 from	 the	 leading	
edge,	and	placed	into	Petri	dishes	containing	25	mL	potato	dextrose	broth	(PBD),	
and	 incubated	at	20°C	 in	dark	 conditions	 for	7	days.	Agar	plugs	were	 removed	
and	the	mycelial	mat	washed	three	times	in	sterile	RO	water	and	blotted	dry	on	
tissue	 paper	 before	 being	 freeze-dried	 overnight.	 Genomic	DNA	was	 extracted	
from	the	freeze-dried	mycelium	using	the	DNeasy	Plant	Mini	Kit	(Qiagen	Ltd,	UK)	
following	 the	 manufacturer’s	 protocol.	 Isolate	 species	 identity	 was	 confirmed	
through	PCR	amplification	of	the	ITS.	The	genomic	library	was	prepared	using	the	
Illumina	 Nextera	 DNA	 library	 preparation	 kit	 following	 the	 manufacturers	
protocol	 (Essex,	 UK),	 with	 the	 additional	 step	 of	 starting	 material	 was	 lightly	
sonicated	on	the	Diagenode	Bioruptor	for	3	cycles	at	low	power	of	15	sec	on,	180	
sec	off.	The	library	was	run	on	the	Illumina	Miseq	using	a	150bp	paired	end	read	





Genomic	DNA	 from	M.	acerina	 isolates	 (Section	4.2.6,	Table	4.3)	was	prepared	
and	 extracted	 as	 described	 above	 (Section	 4.2.10).	 Species	 identity	 was	
confirmed	through	PCR	amplification	and	sequencing	of	 the	 ITS	 ribosomal	DNA	




of	 10	 µl	 1xREDTaq	 Ready	Mix	 PCR	 reaction	mix	 (Sigma-Aldrich,	 UK),	 2	 µl	 DNA	










in	 Table	 4.4).	 Following	 PCR	 reaction,	 amplicons	 were	 visualized	 using	 gel	
electrophoresis	 using	 1.5%	 agarose	 (Fischer	 Scientific)	 gels	 in	 1	 x	 tris-acetate-
EDTA	buffer,	 stained	with	2	µl/100ml	of	GelRed	 (Biotium,	UK).	PCR	purification	
was	 then	 performed	 to	 extract	 DNA	 from	 the	 PCR	 reaction	mixture	 using	 the	
QIAquick	 PCR	 purification	 Kit	 (Qiagen);	 5	 µl	 DNA	 template	 and	 5	 µl	 5pM	



































































































































































































































































































































































































































































































































































































































































































































































































4.2.12 Phylogenetic	 analysis	 of	 housekeeping	 gene	 sequence	 data	 for	 C.	
destructans	and	M.	acerina	
Housekeeping	 gene	 sequences	 obtained	 for	 all	 C.	 destructans	 and	M.	 acerina	
isolates	 were	 trimmed	 and	 aligned	 using	 the	 ClustalW	 algorithm	 and	 refined	
using	 the	MUSCLE	 algorithm	 implemented	 in	 MEGA	 v6	 (Tamura	 et	 al.,	 2013).	
Two	 multi-locus	 concatenated	 phylogenetic	 trees,	 based	 on	 the	 ITS	 and	
housekeeping	 gene	 sequences,	 for	 each	 species	 was	 drawn,	 one	 using	 the	




Table	 4.5	 –	 Cylindrocarpon	 spp.	 isolates	 used	 in	 the	 phylogenetic	 analysis	 (in	
addition	 to	 C.	 destructans	 isolates	 described	 in	 Table	 4.1)	 with	 their	
corresponding	GenBank	numbers.	
	




Number Species	Name Host Origin ITS	Genbank	Number
1 Cylindrocarpon	destructans	var.	crassum Tilia	petiolaris(Silver	Lime) Germany EF607078.1
2 Neonectria	radicicola Unknown The	Netherlands HM364290.1
3 Ilyonectria	radicicola Bark	-	unknown Venezuela AF220969.1
4 Nectria	radicicola Apple	(Malus	domestica) UK AJ007351.1
5 Nectria	radicicola Apple	(Malus	domestica) UK AJ007353.1
6 Neonectria	radicicola Grapevine(Vitis	vinifera) Portugal AJ875319.1	
7 Neonectria	radicicola Grapevine(Vitis	vinifera) Portugal AJ875320.1
8 Neonectria	radicicola Grapevine(Vitis	vinifera) Portugal AJ875323.1
9 Neonectria	radicicola Grapevine(Vitis	vinifera) Portugal AJ875333.1
10 Cylindrocarpon	destructans	var.	destructans Grapevine(Vitis	vinifera) Portugal AM419059.1
11 Cylindrcarpon	didymum Pine	(Pyrus	sp.) Canada AY295303.1
12 Neonectria	radicicola American	Ginseng	(P.	quinquefolius) Canada AY295309.1
13 Neonectria	radicicola Pine	(Pyrus	sp.) Canada AY295313.1
14 Cylindrocarpon	cylindroides Silver	fir	(Abies	alba) France AY677261.1
15 Neonectria	macrodidyma Grapevine(Vitis	vinifera) South	Africa AM419071.1
16 Cylindrocarpon	magnusianum Soil UK AJ608955.1
17 Cylindrocarpon	obtusisporum Unknown UK AJ009263.1
18 Cylindrocarpon	theobromicola Cocoa	tree	(Theobroma	cacao) Papua	New	Guinea EF607092.1
19 Cylindrocarpon	cylindroides Abies	concolor	(White	Fir) Netherlands JF735312.1
Number Species	Name Host Origin ITS	Genbank	Number
1 Mycocentrospora	acerina Carum	carvi	var.	dulce	(Caraway) The	Netherlands KC585407.1
2 Mycocentrospora	acerina Paeonia	lactiflora	(Peony) Chile KF015599.1
3 Mycocentrospora	acerina Panax	notoginseng	(Ginseng) China KP276614.1
4 Cerocospora	cantuariensis Humulus	lupulus	(Hop) Austria EU346862.1
5 Mycosphaerella	delegatensisEucalyptus	camaldulensis	(Eucalyptus) Ethiopia AB435070.1
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11	maximum	 colony	 size	 had	 not	 yet	 been	 reached	 at	 any	 temperature).	Data	
was	assessed	using	a	non-linear	regression	of	biological	temperature-dependent	
rate,	 based	 on	 absolute	 reaction-rate	 theory	 by	 Schoolfield	 et	 al.	 (1981).	 This	
model	 is	derived	based	upon	 the	assumptions	 that:	1)	at	all	 temperatures,	 the	
development	 rate	of	 a	poikilotherm	population	 is	 determined	by	 a	 single	 rate-
controlling	 enzyme	 reaction	 and	 2)	 this	 rate-controlling	 enzyme	 is	 reversibly	
denatured	 at	 high	 and	 low	 temperatures	 but	 maintains	 a	 constant	 total	




the	 high	 correlation	 between	model	 parameters,	 so	 re-parameterised	 it	 in	 the	
following	form:		
	
! ! =  ! !"°!  !298 exp ∆!!!!  1298 −  1!  1+ exp ∆!!!  1!!/!! −  1! + exp ∆!!!  1!!/!! −  1!  ,															(1)	
	
where	! ! 	is	the	mean	growth	rate	at	temperature	!	(time-1),	!	is	temperature	
in	 °K	 (298°K	=	25°C),	and	!	is	 the	universal	gas	constant	 (1.987	cal	deg-1	mol-1).	
The	other	parameters	are	associated	with	the	rate	controlling	enzyme	reaction:	!(!"°!)	is	the	development	rate	at	25°C	assuming	no	enzyme	inactivation	(time-1),	∆!!! 	is	 the	 enthalpy	 of	 inactivation	 of	 the	 reaction	 that	 is	 catalysed	 by	 the	
enzyme	(cal	mol-1),	!!/!! 	is	the	temperature	(°K)	at	which	!!	the	enzyme	is	active	
and	 !! 	is	 inactive	 due	 to	 low	 temperatures,	∆!! 	is	 the	 change	 in	 enthalpy	
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associated	with	 low	temperature	 inactivation	of	the	enzyme	(cal	mol-1),	!!/!! 	is	
the	 temperature	 (°K)	 at	 which	 the	 enzyme	 is	!!	active	 and	!!	high	 temperature	
inactive,	∆!! 	is	 the	 change	 in	 enthalpy	 associated	 with	 high	 temperature	
inactivation	 of	 the	 enzyme	 (cal	 mol-1).	 A	 reference	 temperature	 of	 25°C	 was	
chosen	by	 Schoolfield	et	 al.	 (1981)	 although	 they	mention	other	 temperatures	








temperatures	 was	 measured,	 the	 intermediate	 straight	 portion	 of	 the	 fitting	




! ! =  ! !"°!  !288 exp ∆!!!!  1288−  1!  1+ exp ∆!!!  1!!/!! −  1! + exp ∆!!!  1!!/!! −  1!  .														(2)	
	
When	the	data	does	not	show	evidence	of	reduced	growth	due	to	either	high	or	
low	 temperature	 inactivation,	 Schoolfield	 et	 al.	 (1981)	 suggest	 removing	 the	
exponential	term	of	the	denominator	describing	the	corresponding	reduction	in	
growth.	 This	 eliminates	 two	 out	 of	 the	 six	 parameters	 that	 the	 data	would	 be	
unable	to	identify.	Given	the	data	collected	in	this	study	always	show	evidence	of	
inactivation	due	to	high	temperatures	but	not	always	due	to	low	temperatures,	
and	 given	 our	 choice	 of	 reference	 temperature	 of	 15°C,	 the	 four	 parameter	
reduced	model	used	here	takes	the	form:	
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Growth	 rates	 were	 calculated	 for	 all	 isolates	 of	 both	 C.	 destructans	 and	 M.	
acerina	at	five	temperatures	(5,	10,	15,	20	and	25°C),	so	using	these	data	alone	it	
was	 not	 possible	 to	 estimate	 six	 different	 parameters	 and	 therefore	 the	 four	
parameter	model	(3)	was	used.	However,	the	additional	measurements	collected	
for	the	standard	isolates	C.	destructans	CD28	and	M.	acerina	MA2	were	sufficient	
to	 estimate	 six	 independent	 parameters	 for	 these	 isolates.	 Model	 fitting	 was	
carried	out	 in	MATLAB	 (Version	2015b)	using	 the	nlinfit	 function	 for	non-linear	
regression	curve	fitting.	Statistical	analysis	of	growth	rates	for	C.	destructans	and	
M.	acerina	 isolates	used	a	one-way	analysis	of	 variance	 (ANOVA)	 to	determine	
isolate	 as	 a	 significant	 factor.	 A	 posthoc	 ‘Tukey’	 test	 was	 carried	 out	 for	 each	
temperature	(5,	10,	15,	20	and	25°C)	to	identify	differences	between	isolates.			
	





the	 requirements	 of	 homogeneity	 of	 variance	 and	 reduce	 the	 influence	 of	
residuals.	Transformed	data	were	then	analysed	using	a	one-way	ANOVA	and	the	
5%	 LSD	 value	 calculated.	 The	 percentage	 diseased	 seedlings	 data	 (seedling	
death,	 plus	 the	 presence	 of	 a	 brown	 root	 symptom	 at	 harvest)	 from	 the	 CD	
pathogenicity	 experiments	 on	 parsnip	 seedling	 were	 log	 transformed	 and	
analysed	 using	 a	 general	 linear	 model	 (GLM);	 the	 posthoc	 test	 ‘Tukey’	 was	
applied	 to	 determine	 difference	 between	 isolates	 at	 each	 temperature.	 For	
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experiments	 examining	 spore	 production	 by	 C.	 destructans,	 mean	 log	 spore	
count	 density	 (spores	mm-2)	was	 plotted	 against	 temperature.	Data	were	 then	




(mm2)	 were	 analysed	 using	 a	 one-way	 ANOVA.	 The	 percentage	 diseased	
seedlings	data	 (seedling	death,	plus	 the	presence	of	 a	brown	 root	 symptom	at	
harvest)	 from	 the	 CD	 pathogenicity	 experiments	 on	 parsnip	 seedling	 were	 log	
transformed,	and	analysed	using	a	one-way	ANOVA	and	the	posthoc	test	‘Tukey’.	
For	 experiments	 examining	 spore	 production	 by	M.	 acerina,	 mean	 log	 spore	
count	 density	 (spores	 mm-2)	 was	 plotted	 against	 temperature.	 Data	 was	 then	






All	 16	 C.	 destructans	 isolates	 caused	 lesions	 on	 parsnip	 roots	 following	
inoculation	(Fig	4.1),	with	mean	lesion	area	ranging	from	0.4	cm2	to	2.0	cm2	after	
50	 days	 (Fig.	 4.2).	 The	 ANOVA	 indicated	 a	 significant	 effect	 of	 C.	 destructans	
isolate	 (p<0.05).	 Isolates	 separated	 into	 seven	 groups	 (Table	 4.7),	 based	 upon	
from	each	other.	The	greatest	lesion	area	(cm2)	was	observed	for	isolates	CD31	
and	CD1,	which	were	significantly	different	(p<0.05)	from	all	 isolates	except	for	





































Number	 Isolate	 Loge-transformed	means	 5%	LSD	
1	 CD31	 0.69224408	 A	
2	 CD1	 0.67481368	 A	
3	 CD30	 0.35767767	 AB	
4	 CD10	 0.34556075	 ABC	
5	 CD28	 0.21530344	 BC	
6	 CD21	 0.21071123	 BC	
7	 CD20	 -0.01595975	 CD	
8	 CD22	 -0.21743585	 DE	
9	 CD5	 -0.3282365	 DE	
10	 CD26	 -0.35030179	 DE	
11	 CD27	 -0.42973310	 EF	
12	 CD18	 -0.49008021	 EF	
13	 CD25	 -0.50853839	 EF	
14	 CD23	 -0.71645240	 FG	
15	 C19	 -0.77473880	 FG	

















to	 89%	 (CD21),	 with	 no	 significant	 disease	 for	 the	 control	 treatment.	 The	
Shapiro-Wilk	 test	 for	 normality	 (p>0.05)	 indicated	 a	 normal	 distribution	within	
the	data,	subsequent	GLM	analysis	showed	a	significant	effect	of	isolate	(p<0.05)	
on	 seedling	 disease	 percentage,	 and	 a	 multicomparison	 ‘Tukey’	 posthoc	 test	
(Table	4.6)	 identified	a	number	of	different	groups.	 	 	All	C.	destructans	 isolates	
with	 the	 exception	 of	 CD24	 (due	 to	 the	 larger	 SEM	 of	 this	 isolate)	 were	
significantly	 different	 (p<0.01)	 from	 the	 control.	 Isolates	 CD23,	 CD18,	 CD30,	
CD31,	 CD10,	 CD1	 and	 CD20	were	 significantly	 different	 only	 from	 the	 control,	
while	isolates	CD26,	CD22,	CD5,	CD27,	CD25,	CD19,	CD25,	CD28	and	CD21	were	
significantly	different	from	at	least	two	other	isolates.	The	four	most	pathogenic	






















































































































































































































































































































































































































































































































































































































































Rate	of	mycelial	 growth	 for	different	C.	destructans	 isolates	was	assessed	over	
five	temperatures	(5,	10,	15,	20	and	25°C)	on	two	different	media	types	(PDA	and	
CDA).	 All	 isolates	 grew	 at	 all	 temperatures	 tested	 with	 a	 general	 trend	 of	




day-1,	 and	 the	 maximum	 average	 growth	 rate	 at	 20°C	 (5.68	 mm	 day-1),	 with	
values	ranging	from	3.55	mm	day-1	to	7.84	mm	day-1		(Fig.	4.3).	The	growth	rate	
at	 20°C	 displayed	 the	 smallest	 variation	 between	 isolates,	 with	 isolate	 growth	
rates	at	5°C	and	25°C	displaying	 the	greatest	 variation	 (from	2.14	mm	day-1	 to	
0.46	mm	day-1	and	from	0.88	mm	day-1	to	6.19	mm	day-1,	respectively).		
	
Some	 C.	 destructans	 isolates,	 such	 as	 CD5,	 CD30	 and	 CD31,	 displayed	
consistently	 lower	 growth	 rates	 compared	 to	 other	 isolates	 at	 most	
temperatures	 across	 both	 agar	 types,	 whilst	 isolates	 CD1	 and	 CD22	 displayed	
consistently	higher	growth	 rates.	 Some	 isolates	 such	as	CD19,	CD20,	CD24	and	
CD28	ranked	consistently	in	the	middle	range	for	all	temperatures	assessed.	The	
ANOVA	 revealed	 that	C.	destructans	 isolate	has	a	 significant	effect	 (p<0.05)	on	
growth	rate,	but	agar	 type	had	no	significant	effect	 (p>0.05)	on	growth	rate.	A	
posthoc	 ‘Tukey’	 analysis	 was	 carried	 out	 to	 perform	 pairwise	 comparisons	
between	isolates	at	each	temperature,	for	both	agar	types.	Overall,	this	analysis	
showed	a	greater	number	of	 significant	differences	between	 isolates	grown	on	
CDA	 than	 on	 PDA.	 However,	 C.	 destructans	 isolates	 CD22	 (consistently	 low	
growth	rate),	CD30	and	CD31	(consistently	high	growth	rates)	were	significantly	







curve	obtained	using	equation	 (3)	 for	all	C.	destructans	 isolates	grown	on	CDA,	
with	grey	triangles	represent	individual	isolates.	Dark	green	line	represent	fitted	
Arrhenius	curve	obtained	using	equation	(3)	for	all	C.	destructans	isolates	grown	
on	 PDA,	with	 black	 circles	 representing	 individual	 isolates.	 Data	 points	 are	 the	
mean	growth	rate	of	four	replicates.	
	
In	 addition	 to	 the	 five	 temperatures	 tested	 above,	C.	 destructans	 isolate	 CD28	
was	 selected	 as	 a	 standard	 isolate	 for	 C.	 destructans	 and	 assessed	 across	 a	








of	 C.	 destructans	 isolate	 CD28	 (Table	 4.1).	 Light	 green	 line	 represent	 fitted	
Arrhenius	curve	obtained	using	equation	(2)	for	CD28	grown	on	CDA,	with	grey	
triangles	 representing	 mean	 data-points.	 Dark	 green	 line	 represent	 fitted	
Arrhenius	curve	obtained	using	equation	(2)	for	CD28	grown	on	PDA,	with	black	
circles	 representing	 individual	 mean	 data-points.	 Individual	 data-points	
represent	mean	growth	rate	of	four	replicates;	error	bars	show	SEM.	
	
The	 parameter	 estimates	 from	 the	 model	 fitting	 (Table	 4.9)	 vary	 significantly	
between	the	four	parameter	model	(equation	(3))	fitted	to	all	the	C.	destructans	




than	 the	 4.31	 mm	 day-1	 estimated	 for	 C.	 destructans	 isolate	 CD28.	 These	
differences	 can	be	attributed	 to	 two	main	 reasons.	 First,	 the	growth	 rate	of	C.	
destructans	 isolate	 CD28	 was	 measured	 at	 2.5°C	 and	 27.5°C;	 at	 these	
temperatures,	 very	 low	 growth	 rates	 were	 recorded	 in	 contrast	 to	 the	 higher	
growth	 rates	 at	 intermediate	 temperatures.	 This	 enabled	 better	 estimates	 for	
	 137	
the	 temperatures	 at	which	 half	 high	 enzyme	 inactivation	 and	half	 low	enzyme	
inactivation	occur,	leading	to	biologically	plausible	parameter	estimates.	Second,	
from	the	ANOVA	analysis	described	above,	significant	differences	were	identified	
between	 isolates	 at	 all	 temperatures.	 This	 made	 it	 challenging	 for	 the	 four-
parameter	model	to	accurately	capture	such	a	high	level	of	variation.	In	addition	
the	 parameter	 estimates	 for	 CD28	 grown	 on	 CDA	 are	 also	 biologically	
unreasonable,	 primarily	 due	 to	 the	 rate	 of	 growth	 at	 2.5°C	 (1.43	 mm	 day-1)	
appearing	 higher	 than	 that	 of	 5°C	 (1.25	 mm	 day-1),	 instead	 of	 an	 expected	
decrease	in	growth	rate	at	decreasing	temperatures	(as	for	CD28	grown	on	PDA).	




Table	 4.9	 –	Summary	of	parameter	estimates	 for	 the	effect	of	 temperature	on	
















C.	destructans	-	PDA	 8.1708	 26436	 46263	 16.874	 -	 -	
C.	destructans	-	CDA	 9.475	 29957	 44504	 15.824	 -	 -	
C.	destructans	CD28	-	PDA	 4.3131	 7712.7	 2.27x105	 26.107	 -56729	 3.1793	











colony	 size	 observed	 at	 different	 temperatures.	 The	 general	 trend	 of	 the	 data	
suggested	that	spore	production	of	all	 isolates	remained	constant	across	all	the	
temperatures	tested	(Fig.	4.6).	Spore	densities	ranged	from	0.01	to	534.80	across	





The	 ANOVA	 showed	 a	 significant	 effect	 of	 C.	 destructans	 isolate	 (p<0.001)	 on	
spore	production;	the	post-hoc	‘Tukey’	analysis	identified	significant	interactions	
between	 isolates	 at	 each	 temperature.	 The	 number	 of	 significant	 interactions	
between	 isolates	 increased	with	temperature,	with	C.	destructans	 isolates	CD1,	
CD5	 and	 CD22	 displaying	 consistently	 low	 densities	while	 other,	 such	 as	 CD23	



















The	 maximum	 likelihood	 and	 neighbour	 joining	 analyses	 for	 the	 ITS	 locus	
included	 the	 16	 C.	 destructans	 isolates	 and	 14	 additional	 Cylindrocarpon	 and	






example,	 isolates	 in	 the	 same	 clade	 were	 found	 from	 Lincolnshire,	 Scotland,	
Canada	 and	 Portugal,	 and	 isolated	 from	 parsnip,	 grapevine	 and	 pine.	 Genetic	
clusters	I	and	II,	contain	only	C.	destructans	isolates,	where	Neonectria	radicicola,	
Nectria	 radicicola	 and	 Ilyonectria	 are	 anamorphs	 of	 C.	 destructans.	 Whilst	




again	 suggesting	 that	 clustering	 is	 not	 related	 to	 host	 or	 location.	 The	 16	 C.	
destructans	 isolates	 from	 parsnip	 are	 in	 cluster	 I	 (10	 isolates),	 cluster	 V	 (2	
isolates)	 and	 cluster	VI	 (4	 isolates).	 The	 two	 isolates	 in	 cluster	V,	 appear	 to	be	
most	 closely	 related	 to	 C.	 theobromicola	 and	 C.	 obtusisporum,	 whilst	 the	 4	
isolates	in	cluster	VI	appear	to	be	most	closely	related	to	C.	cylindroides,	despite	
all	Cylindrocarpon	 isolates	 off	 parsnip	 hosts	 being	 confirmed	 as	C.	 destructans	
through	BLAST	analysis.	Bootstrap	values	on	both	 the	maximum	 likelihood	and	
neighbour	joining	analyses	ranged	from	24	to	99%,	with	the	majority	above	75%	




were	 analysed	 using	 both	maximum	 likelihood	 and	 neighbour	 joining	 analyses	
(Fig	 4.9	 and	 Fig	 4.10).	 Both	 phylogenies	 were	 very	 similar	 and	 divided	 the	 C.	
destructans	 isolates	 into	 two	 clades,	 with	 each	 clade	 further	 sub-divided	 into	
different	genetic	clusters.	None	of	the	isolates	within	each	of	the	clades	appear	
to	be	related	by	geographic	 location,	and	as	all	 isolates	are	from	parsnip	hosts,	
and	 are	 split	 across	 different	 genetic	 cluster,	 it	 is	 unlikely	 they	 are	 related	 by	
host.	 The	 bootstrap	 values	 for	 branches	 on	 both	 the	maximum	 likelihood	 and	
neighbour	 joining	 analysis	 are	 all	 above	 66%,	 with	 the	 majority	 above	 90%	
indicating	good	support	for	branches.		 	
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Figure	 4.7	 –	Maximum	 Likelihood	 phylogenetic	 tree	 for	C.	 destructans	 isolates	
based	 on	 an	 alignment	 of	 the	 internal	 transcribed	 spacer	 (ITS)	 sequences.	
Numbers	 represent	 bootstrap	 values	 from	1,000	 replicates.	 Scale	 bar	 indicates	
0.050	 substitutions	 per	 site.	 The	 tree	 is	 rooted	 with	 Fusarium	 oxysporum	
(AB369259.1),	 with	 C.	 theobromicola,	 C.	 cylindroides,	 C.	 obtusisporum,	 C.	
magnusianum	and	C.	didymium	included	as	related	species	and	I.	radicicola	and	
N.	radicicola	(Cabral	et	al.,	2012)	a	synonym	of	C.	destructans.	 	
 Neonectria radicicola - AY295309.1
 Neonectria radicicola - AY295313.1
 Neonectria radicicola - AJ875323.1











 Neonectria radicicola - HM364290.1
 Cylindrocarpon destructans var. crassum - EF607078.1
 Ilyonectria radicicola - AF220969.1
 Nectria radicicola - AJ007351.1
 Neonectria radicicola - AJ875333.1
 Cylindrocarpon destructans var. destructans - AM419059.1
 Neonectria radicicola - AJ875320.1
 Neonectria macrodidyma - AM419071.1
 Nectria radicicola - AJ007353.1
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 Cylindrocarpon magnusianum - AJ608955.1
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Figure	 4.8	 –	 Neighbour	 Joining	 phylogenetic	 tree	 for	 C.	 destructans	 isolates	
based	 on	 an	 alignment	 of	 the	 internal	 transcribed	 spacer	 (ITS)	 sequences.	
Numbers	 represent	 bootstrap	 values	 from	1,000	 replicates.	 Scale	 bar	 indicates	
0.050	 substitutions	 per	 site.	 The	 tree	 is	 rooted	 with	 Fusarium	 oxysporum	
(AB369259.1),	 with	 C.	 theobromicola,	 C.	 cylindroides,	 C.	 obtusisporum,	 C.	
magnusianum	and	C.	didymum	 included	as	related	species	and	 I.	radicicola	and	
N.	radicicola	(Cabral	et	al.,	2012)	a	synonym	of	C.	destructans.	 	
 Neonectria radicicola - AY295309.1
 Neonectria radicicola - AY295313.1
 Neonectria radicicola - AJ875323.1
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represent	 bootstrap	 values	 from	 1,000	 replicates.	 Scale	 bar	 indicates	 0.10	
substitutions	 per	 site.	 The	 tree	 is	 rooted	 through	 Fusarium	 oxysporum	






































Figure	 4.10	 –	 Neighbour	 Joining	 phylogenetic	 tree	 for	 C.	 destructans	 isolates	
based	on	an	alignment	of	the	internal	transcribed	spacer	(ITS),	RNA	polymerase	II	
(rpb-II),	 translation	elongation	factor	 (EF-1α)	and	Beta-tubulin	(TUB2).	Numbers	












































between	 isolates	 (p>0.05)	 due	 to	 the	 large	 SEM,	 so	 no	 posthoc	 or	



























parsnip	 seedlings,	 with	 no	 symptoms	 present	 in	 the	 control	 group.	 The	mean	
number	of	seedling	infected	was	2.5%	in	the	control	group	and	a	range	of	85%	to	
96%	in	seedling	grown	in	M.	acerina	inoculum	(Fig	4.13).	The	ANOVA	of	seedling	
disease	 (%)	 indicates	 a	 significant	 effect	 (p<0.05)	 of	 M.	 acerina	 isolates	 on	
seedling	 disease.	 The	 posthoc	muticomparison	 ‘Tukey’	 test	 was	 carried	 out	 to	



















10,	 15,	 20	 and	 25°C).	 All	 isolates	 grew	 across	 all	 temperatures	 with	 a	 general	
trend	of	 increased	growth	rate	with	 increased	temperature.	The	 lowest	 rate	of	
growth	 for	all	 isolates	was	at	25°C	 (0.43	mm	day-1),	with	 the	maximum	growth	


















with	 MA2	 and	 MA5	 significantly	 different	 (p<0.001)	 from	 all	 other	 isolates.	
Significance	between	 isolates	was	present	 at	 5°C,	with	MA2	and	MA5	 showing	
significance	 to	 all	 other	 isolates	 (P<0.05	 and	 P<0.01).	 ‘Tukey’	 outputs	 for	













(2.5,	 17.5,	 22.5	 and	 27.5°C).	 Isolate	MA2	 displayed	 the	 lowest	 growth	 rate	 at	














the	extension	 rates	of	 colonies	of	M.	acerina	 isolates	 and	M.	acerina	 standard	
isolate	MA2.	Estimates	based	on	the	modified	Schoolfield	et	al.	(1981)	equations	















M.	acerina	isolates	 4.1216	 9536.2	 1.45E+05	 22.126	
	 	
M.	acerina	isolate	MA2	 25.685	 -22175	 2.56E+05	 24.705	 -30824	 24.194	
	
	
The	 parameter	 estimates	 for	 the	 model	 fitting	 (Table	 4.10)	 vary	 significantly	
between	 the	 four	 parameter	model	 (equation	 (3))	 fitted	 to	 all	 the	M.	 acerina	
isolates	 and	 the	 six	 parameter	model	 (equation	 (2))	 fitted	 to	 the	 standard	M.	
acerina	 isolate,	MA2.	 As	 an	 example,	!(!"°!),	 the	 estimated	 rate	 of	 growth	 at	
15°C	(assuming	no	enzyme	inactivation),	 is	4.12	mm	day-1	for	all	the	M.	acerina	
isolates	and	25.69	mm	day-1	estimated	for	M.	acerina	 isolate	MA2.	However,	in	
contrast	 to	 the	model	 fitting	 for	C.	destructans,	 the	parameter	estimates	when	
fitting	 all	M.	 acerina	 isolates	 are	 biologically	 more	 reasonable	 that	 the	model	
fitted	 to	 M.	 acerina	 isolate	 MA2	 only.	 This	 can	 be	 attributed	 to	 two	 main	
reasons.	First,	between	10°C	and	25°C	there	is	 little	variability	between	isolates	
(see	 Table	A.7	 in	 the	 appendix)	 at	 each	 temperature	 so	 a	 single	model	 can	be	
fitted	 to	 all	 M.	 acerina	 isolates.	 Second,	 when	 measuring	 the	 additional	
temperatures,	the	growth	rate	at	27.5	(0.11	mm	day-1)	is	significantly	lower	than	
that	at	2.5	(2.04	mm	day-1),	the	lack	of	a	drop	in	growth	rate	at	low	temperatures	







The	 number	 of	 spores	 produced	 by	M.	 acerina	 isolates	 was	 assessed	 at	 20°C,	
under	both	UV	conditions	and	darkness.	Evenhuis	et	al	(1997)	found	UV	light	to	
stimulate	 sporulation,	 and	 represent	 conditions	 similar	 to	 those	 observed	 in	
summer.	This	experiment	therefore	simulates	comparative	spore	number	during	
summer	 and	 winter	 conditions.	 The	 general	 trend	 of	 the	 data	 suggested	 an	
increase	 in	spore	production	 in	all	M.	acerina	 isolates	under	UV	conditions	 (Fig	
4.16).	Spore	numbers	produced	under	UV	conditions	ranged	from	266000	(MA7)	
to	 903000	 (MA2),	 and	 from	35250	 (MA1)	 to	 317000	 (MA5)	 in	 dark	 conditions.	
Isolates	MA2	and	MA5	display	higher	spore	counts	under	both	lighting	conditions	
compared	 to	other	 isolates,	whilst	MA1	and	MA3	had	 the	 lowest	 spore	counts	
under	dark	conditions	and	MA4	and	MA7	had	the	lowest	spore	counts	under	UV	
light.	 Overall,	 MA2	 and	MA5	 displayed	 high	 spore	 counts	 under	 both	 lighting	






M.	 acerina	 isolates	 under	 the	 two	 lighting	 conditions.	 During	 dark	 conditions	
MA4	 (median	 spore	 producer)	 was	 significantly	 different	 (p<0.01)	 to	 all	 other	
isolates,	 with	 the	 remaining	 six	 isolates	 displaying	 a	 significant	 difference	
(p<0.05)	to	at	 least	four	other	 isolates.	Under	UV	conditions,	M.	acerina	 isolate	
MA1	 (high	 spore	 producer)	 was	 significantly	 different	 (p<0.05)	 to	 all	 other	

















The	 maximum	 likelihood	 and	 neighbour	 joining	 analyses	 for	 the	 ITS	 locus	
separated	M.	acerina	isolates	into	two	and	three	clades	respectively	(I	and	II)	(Fig	
4.17	 and	 4.18),	 with	 the	 only	 difference	 between	 the	 two	 analyses	 being	 the	
placing	of	an	M.	acerina	isolate	from	GenBank	(AY266155.1).	The	larger	clade	for	




China,	 Austria	 and	 Ethiopia.	 This	 suggests	 sequences	within	 this	 clade	 are	 not	
related	to	host	species	or	geographic	location.	The	three	isolates	comprising	the	
other	 clade	 (MA3,	 MA4	 and	 MA6)	 were	 all	 isolated	 from	 parsnip	 grown	 in	
Lincolnshire.	This	could	indicate	some	species	clustering	based	on	both	host	and	
location;	however,	 isolates	MA1,	MA2,	MA5	and	MA7	 in	 the	 larger	 clade	were	
also	all	isolated	off	parsnip	from	Lincolnshire,	further	suggesting	that	clustering	is	
not	 related	 to	 host	 and	 location.	 Bootstrap	 values	 on	 the	maximum	 likelihood	
analysis	ranged	from	3%	to	100%,	with	the	majority	above	80%.	The	neighbour	





were	 analysed	 using	 both	maximum	 likelihood	 and	 neighbour	 joining	 analyses	
(Fig	4.19	and	Fig	4.20).	Both	phylogenies	are	identical	and	divide	the	M.	acerina	
isolates	 into	 two	 clades,	 of	 four	 and	 three	 isolates	 respectively.	 None	 of	 the	
isolates	appear	to	be	related	by	host	or	geographical	location,	as	all	isolates	are	











Figure	 4.17	 –	 Maximum	 likelihood	 phylogenetic	 tree	 for	 M.	 acerina	 isolates	
based	 on	 an	 alignment	 of	 the	 internal	 transcribed	 spacer	 (ITS).	 Numbers	
represent	 bootstrap	 values	 from	 1,000	 replicates.	 Scale	 bar	 indicates	 0.20	
substitutions	 per	 site.	 The	 tree	 is	 rooted	 through	Mycosphaerella	 graminicola	
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on	 an	 alignment	 of	 the	 internal	 transcribed	 spacer	 (ITS).	 Numbers	 represent	
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II),	 translation	 elongation	 factor	 (EF-1α)	 and	 Beta-tubulin	 (TUB2).	 Numbers	
represent	 bootstrap	 values	 from	 1,000	 replicates.	 Scale	 bar	 indicates	 0.050	





















of	 C.	 destructans	 and	 M.	 acerina	 isolated	 from	 parsnip	 since	 the	 work	 of	
Channon	 (1965,	 1981).	 Defining	 the	 biological	 characteristics	 of	 these	 two	





by	 significant	differences	 in	 lesion	size.	However,	no	defined	groups	of	 isolates	
were	 identified	 as	 more	 or	 less	 pathogenic	 than	 the	 rest,	 as	 a	 continuum	 of	
variation	 was	 observed.	 These	 results	 are	 in	 line	 with	 the	 work	 of	 Channon	
(1981),	 where	 a	 range	 of	 pathogenicity	 on	 parsnip	 roots	 was	 also	 detected	
between	 8	 C.	 destructans	 isolates.	 However,	 Channon	 (1981)	 detected	 four	
weakly	 pathogenic	 isolates,	 causing	 lesion	 areas	 of	 1-3	 cm2	 and	 four	 highly	
pathogenic	 isolates,	 resulting	 in	 lesion	 areas	 of	 9-14	 cm2.	 The	 lesion	 areas	
observed	here	ranged	from	0.5-2.0	cm2,	exhibiting	values	similar	to	the	lesions	of	
the	 weakly	 pathogenic	 isolates	 described	 by	 Channon	 (1981).	 In	 the	 C.	
destructans	 seedling	 assay,	 all	 isolates	 led	 to	 seedling	 death	 or	 brown	 root	
symptoms.	Statistically	significant	differences	were	again	detected	between	the	
isolates,	with	five	isolates	being	identified	as	significantly	more	pathogenic	than	
the	 others.	 As	 no	 previous	 work	 has	 investigated	 the	 effect	 of	 C.	 destructans	
isolates	on	parsnip	seedlings,	the	most	comparable	work	is	that	of	C.	destructans	
on	 grapevine.	 Úrbez-Torres	 (2014)	 found	 a	 range	 of	 pathogenicity	 between	
Cylindrocarpon	 spp.	 on	 grapevine:	 after	 inoculating	 grapevine	 canes	 with	
mycelial	plugs,	he	detected	a	range	of	vascular	discolouration	of	5.6-11	mm	after	
31	days	at	room	temperature,	with	a	substantial	reduction	in	vigour	and	reduced	




minutes.	 This	 resulted	 in	 root	 lesions	 and	 vascular	 discolouration,	 displaying	 a	




root	 pathogenicity	 assays	 for	 C.	 destructans	 isolates	 from	 parsnip	 hosts.	
However,	 there	was	 little	 consistency	 between	 the	 pathogenicity	 of	 isolates	 in	
the	two	assays,	with	only	3	isolates	scoring	low	(CD18,	CD23	and	CD24)	and	only	
2	 isolates	 being	 highly	 pathogenic	 (CD21	 and	 CD28)	 in	 both	 assays.	Numerous	
isolates	 displayed	 contrasting	 levels	 of	 pathogenicity,	 with	 CD19	 being	 weakly	
pathogenic	 on	 root	 and	 highly	 pathogenic	 on	 seedlings,	 and	 CD1,	 CD10,	 CD30	
and	CD31	showing	the	opposite	trend.	There	is	no	clear	reason	as	to	the	lack	of	
correlation	between	isolates;	however,	as	the	two	experiments	were	carried	out	
at	 different	 temperatures	 (12	 °C	 for	 root	 and	 20	 °C	 for	 seedlings),	 it	 could	 be	
hypothesised	 that	 different	 isolates	 are	 more	 pathogenic	 at	 different	
temperatures.	
	
The	 experiments	 examining	 the	 effect	 of	 temperature	on	mycelial	 growth	 rate	
showed	that	maximum	growth	rate	across	all	C.	destructans	isolates	was	around	
20°C,	 with	 the	 lowest	 rate	 of	 growth	 at	 5°C.	 Significant	 differences	 between	
isolates	were	mostly	 observed	 at	 the	more	 extreme	 temperatures	 tested	 of	 5	
and	25°C,	potentially	suggesting	adaptation.	The	standard	C.	destructans	 isolate	
CD28	 was	 selected	 to	 test	 additional	 temperatures,	 to	 fully	 investigate	 the	
parameters	 of	 the	 model	 of	 Schoolfield	 et	 al.	 (1981)	 that	 control	 enzyme	
inactivation	due	to	both	high	and	low	temperatures.	The	lowest	rate	of	growth	
for	C.	 destructans	 isolate	 CD28	was	 observed	 at	 2.5°C	 for	 both	 CDA	 and	 PDA,	
with	 the	maximum	growth	 rate	at	22.5°C	on	both	PDA	and	CDA.	These	 results	
are	 in	agreement	with	 those	of	Alaniz	et	al.	 (2007),	who	examined	 the	growth	
rate	of	C.	microdidymum	and	C.	liriodendra	on	PDA	at	temperatures	5-35°C	and	
observed	maximum	 growth	 at	 20-25°C.	 Alaniz	et	 al.	 (2007)	 also	 reported	 slow	
growth	 at	 5°C	 but	 did	 not	 examine	 lower	 temperatures.	 Furthermore,	 it	 is	
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generally	accepted	that	the	majority	of	saprophytic	fungi	do	not	grow	below	5°C	
(Ayerst,	 1969).	 In	 contrast,	 for	C.	 destructans	 CD28,	 growth	was	observed	 at	 a	
temperature	of	2.5°C.	This	 is	 the	 first	 time	C.	destructans	 isolates	 from	parsnip	
have	been	found	to	grow	at	such	low	temperatures.	Therefore,	whilst	production	
of	 chlamydospores	 is	 known	 to	 be	 a	 mechanism	 for	 pathogen	 survival	
throughout	winter,	this	research	suggests	C.	destructans	isolates	are	also	capable	
of	 mycelial	 growth	 at	 temperatures	 typical	 of	 UK	 winter.	 In	 addition,	 as	
previously	mentioned,	 few	 fungi	 are	 documented	 as	 growing	 at	 temperatures	
below	5°C:	it	 is	therefore	probable	that	the	increase	in	C.	destructans	 incidence	





In	 assessing	 the	 effect	 of	 temperature	 on	 C.	 destructans	 chlamydospore	
production,	 the	 general	 trend	 in	 the	 data	 suggested	 that	 spore	 density	 was	
generally	 consistent	 across	 all	 temperatures	 examined.	 This	 was	 surprising	 as,	
given	 chlamydospores	 are	 long-lived	 structures	 (Taylor,	 1964)	 capable	 of	
surviving	 over	 winter	 (McPherson,	 2013),	 it	 could	 hypothesised	 that	 isolates	
might	produce	an	 increased	number	of	 chlamydospores	 at	 lower	 temperature.	
However,	 this	 was	 not	 the	 case.	 Whilst	 spore	 production	 remained	 constant	
across	temperatures,	differences	between	isolates	became	more	apparent	with	
increasing	temperature.	Alaniz	et	al.	 (2007)	examined	conidia	sporulation	 in	82	
Cylindrocarpon	spp.	 isolates	at	24°C	 for	7	days	and	recorded	huge	variations	 in	
conidia	 production,	 with	 values	 of	 13.0-2.2	 x	 106.conidia	 ml-1.	 Whilst	 less	
pronounced,	 wide	 variations	 in	 spore	 production	 between	 isolates	 was	 also	
observed	at	 this	 temperature	 in	 the	 current	 research,	with	values	 in	 the	 range	
0.1-453.52	 chlamydospores	 mm-2,	 suggesting	 that	 some	 isolates	 are	 better	
adapted	 than	 others	 to	 high	 temperatures.	 The	 understanding	 of	 how	
temperature	affects	C.	destructans	spore	production	is	potentially	important,	as	
this	 information	 could	 be	 used	 to	 more	 accurately	 target	 specific	 control	
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methods.	 However,	 despite	 chlamydospores	 being	 implicated	 in	 causing	 high	






on	 the	 ITS	 locus	 divided	 isolates	 into	 three	 clades.	 Ten	 of	 the	 C.	 destructans	
isolates	 are	 grouped	 in	 a	 single	 clade,	 together	 with	 isolates	 from	 the	 C.	
destructans	anamorph,	N.	radicicola,	from	grapevine	and	pine.	The	remaining	six	
isolates	(CD5,	CD10,	CD20,	CD22,	CD30,	CD31)	were	distributed	across	the	other	
two	 clades,	 where	 they	 appear	 more	 closely	 related	 to	 C.	 theobromicola,	 C.	
obtuisisporum,	 and	 C.	 cylindroides	 than	 C.	 destructans.	 Within	 the	 root	
pathogenicity	assay,	these	six	 isolates	were	among	the	most	pathogenic,	whilst	
in	 the	 leaf	 pathogenicity	 assay,	 they	 scored	 amongst	 the	 least	 pathogenic.	 In	
particular,	 two	 of	 the	 isolates,	 CD30	 and	 CD31,	 which	 were	 the	 most	 closely	
related	 to	 C.	 theobromicola	 and	 C.	 obtusisporum,	 also	 displayed	 consistently	
higher	 growth	 rates	 compared	 to	 the	 other	 C.	 destructans	 isolates.	 The	 other	
four	 isolates	CD5,	CD10,	CD20	and	CD22	were	grouped	 in	the	same	clade	as	C.	
cylindroides,	which	was	originally	isolated	from	fir.	It	could	be	hypothesised	that	
these	 C.	 destructans	 isolates	 may	 also	 have	 originated	 from	 fir,	 based	 on	 the	
knowledge	that	the	parsnips	from	which	they	were	isolated	were	grown	in	fields	
adjacent	 to	 extensive	 pine	 forests	 (personal	 communication).	 As	 shown	 by	
Seifert	et	al.	(2003),	C.	destructans	isolates	from	conifer	were	also	found	to	cause	
severe	footrot	in	ginseng	seedlings,	proving	a	lack	of	host	specificity.	Seifert	et	al.	
(2003)	also	detected	a	high	 level	of	divergence	 in	the	 ITS	 locus	of	N.	radicicola,	
with	 isolates	 from	 a	 range	 of	 hosts	 being	 present	 in	 all	 clades,	 and	 further	
observed	 some	 C.	 destructans	 isolates	 from	 black	 spruce	 hosts	 to	 be	 more	
closely	related	to	C.	cylindroides	 than	other	N.	radicicola	 isolates.	This	 is	 in	 line	
with	the	results	obtained	here,	where	N.	radicicola	from	the	same	host	is	present	




may	be	more	closely	 related	 to	C.	cylindroides.	Similarly,	 in	both	 the	maximum	
likelihood	and	neighbour	 joining	analysis	of	 the	multigene	phylogeny	based	on	
the	 ITS,	EF-1,	Rpb-II	and	TUB2	 loci,	 the	C.	destructans	 isolates	again	separate	
into	 two	 clades,	 with	 the	 same	 C.	 destructans	 isolates	 CD5,	 CD10,	 CD20	 and	
CD22,	 and	CD30	 and	CD31	 grouped	 separately	 as	 for	 the	 ITS	 phylogeny	 alone.	
This	 confirms	 the	work	 of	 Cabral	 et	 al.	 (2012),	who	 observed	multiple	 species	






sampling	 locations,	 of	 the	 M.	 acerina	 isolates.	 The	 M.	 acerina	 seedling	
pathogenicity	assay	further	identified	little	variation	in	pathogenicity,	with	each	






on	 infecting	 different	 hosts	with	 the	 isolates	 obtained	 here	 to	 confirm,	 as	 the	
work	 of	 Channon	 (1965)	 suggested,	 that	 pathogenicity	 may	 vary	 between	
different	hosts.		
	
The	effect	 of	 temperature	on	 the	 growth	 rate	of	M.	acerina	 isolates	 identified	
the	maximum	growth	 rate	 to	be	at	20°C,	whilst	 the	minimum	growth	 rate	was	
observed	at	25°C	(though	with	 large	variations	between	isolates).	This	confirms	
the	 results	 of	 Channon	 (1965),	 who	 identified	 maximum	 mycelial	 growth	




found	 to	 consistently	 increase	 spore	 production	 across	 all	M.	 acerina	 isolates.	
Although	 significant	 differences	 were	 detected	 among	 the	 isolates,	 results	 did	
not	correlate	with	those	of	any	other	assays,	meaning	isolates	displaying	higher	
growth	 rates	 than	 others	 were	 not	 necessarily	 more	 pathogenic	 on	 roots	 or	
seedlings.	 Although	 not	 observed	 in	 parsnips,	 Hermansen	 (1992)	 identified	M.	
acerina	as	the	causal	agent	of	foliar	symptoms	on	a	range	of	wild	hosts,	including	
umbellifers,	whilst	Evenhuis	 (1995)	 found	that	M.	acerina	 could	be	transmitted	
through	 infected	 caraway	 seed.	This	 suggests	M.	acerina	may	be	a	 seed	borne	
pathogen,	with	an	aerial	dispersal	method.	As	the	spore	production	experiments	
found	 a	 higher	 number	 of	 spores	 produced	 under	 UV	 light,	 this	 suggests	 an	
increased	 spore	 production	 during	 the	 summer.	 Therefore,	 it	 could	 be	
hypothesised	 that	 the	 increased	 conidia	 production	 during	 the	 spring	 and	
autumn	 (Arsvoll,	 1969)	 results	 in	 aerial	 transmission	 throughout	 the	 summer	
when	 foliage	 is	 present,	whilst	 the	 abundance	 of	 chlamydospores	 produced	 in	
senescing	 tissue	 throughout	 autumn	 (Day	 et	 al.	 1972;	 Davies,	 1977)	 results	 in	
necrotic	tissue	falling	 into	the	soil	 leading	to	a	build	up	of	 inoculum.	As	conidia	
have	been	found	to	become	chlamydosporic	(Wall	&	Lewis,	1978),	the	increased	
production	 of	 conidia	 in	 autumn	 is	 also	 likely	 to	 lead	 to	 increased	
chlaymdospores	 in	 the	 soil.	 The	 viability	 of	 chlamydospores	 within	 the	 soil	











The	 molecular	 characterisation	 of	 M.	 acerina	 isolates	 have	 been	 described	








species	 complex.	 Given	 the	 ITS	 locus,	 the	 primary	 fungal	 barcode	 for	 species	
differentiation,	was	not	able	 to	distinguish	between	species,	 it	could	suggested	
further	 multigene	 analyses	 may	 not	 be	 necessarily	 helpful.	 One	 feature	 of	
interest	 is	 the	 separation	 of	 M.	 acerina	 isolates	 MA3,	 MA4	 and	 MA6	 from	







In	 conclusion,	 this	 work	 developed	 novel	 methods	 for	 assessing	 the	
pathogenicity	 of	 C.	 destructans	 and	 M.	 acerina	 on	 parsnip	 seedlings,	 and	
represents	 the	 first	 analysis	 where	 isolates	 from	 parsnip	 have	 been	 directly	
compared.	It	is	also	the	first	comprehensive	analysis	of	the	effect	of	temperature	
on	 mycelial	 growth	 and	 spore	 production,	 therefore	 providing	 a	 more	 robust	
basis	 for	 investigating	 intra	 species	 diversity.	 This	 study	 was	 also	 the	 first	
multilocus	sequence	comparison	for	both	C.	destructans	and	M.	acerina	isolates	





thought	 to	 be	 responsible	 for	 high	 canker	 incidence	 during	 winter,	 whilst	 a	
number	of	wild	species	have	been	identified	as	hosts,	and	potential	sources,	of	
inoculum.	The	results	obtained	here	additionally	confirm	both	C.	destructans	and	
M.	 acerina	 are	 able	 to	 grow	 at	 low	 temperatures,	 with	 minimal	 differences	
between	 the	 pathogenicity	 of	 isolates	 on	 parsnip	 roots	 and	 seedlings.	 This	























Wilkinson,	 1952;	 Brown	 et	 al.,	 1964).	 No	 specific	 fungicides	 are	 currently	





offer	 all	 round	 disease	 control	 to	 both	 foliar	 and	 root	 pathogens	 (personal	
communication).	As	Itersonilia	is	a	seed-borne	pathogen,	seed	treatment	options	
have	been	explored	with	Smith	 (1966)	noting	 that	steam	treatment	 (45.5°C	 for	
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30	 minutes)	 successfully	 removed	 Itersonilia	 without	 damaging	 the	 seed	 or	
reducing	 germination.	 The	 long-lived	 survival	 structures,	 chlamydospores,	
produced	by	 all	 three	of	 the	main	 canker	 pathogens,	 I.	 pastinacae,	M.	acerina	
and	 C.	 destructans,	 are	 most	 problematic	 in	 controlling	 root	 diseases.	 These	
structures	 can	 survive	 in	 the	 soil	 at	 cold	 temperatures	 for	 prolonged	 periods,	
making	them	difficult	to	eradicate	(Evenhuis,	1995).		
	
Breeding	 for	 resistance	 to	 parsnip	 canker	 has	 been	 implemented	 among	
commercial	 breeding	 companies	 to	 enable	 long-term,	 robust	 resistance	 to	
parsnip	root	diseases.	However,	 in	previous	trials	to	breed	for	resistance,	there	
have	been	 concerns	over	 the	 loss	of	other	marketable	 traits.	 For	 example,	 the	
Avonresister	breeding	programme	started	 in	1953	and	the	variety	was	bred	for	
canker	 resistance	using	parent	 roots	of	medium	 length	with	 intrinsic	 resistance	
to	 various	 forms	 of	 canker.	 This	 line	 was	 successful	 in	 showing	 generalised	
resistance	to	canker	but,	due	to	 its	small	root	size,	other	varieties	outyielded	 it	
by	88%,	(Channon	et	al.,	1970).	Parsnips,	like	carrots	and	onions,	are	outbreeding	
crops	 and	 so	 varieties	 are	 highly	 heterogenous,	 making	 the	 task	 of	 breeding	
uniform	lines	more	difficult.	However,	vigorous	F1	hybrids	can	be	developed	by	
taking	 advantage	 of	 the	 heterosis	 resulting	 from	 crossing	 suitable	 lines	 to	
introduce	 favourable	 traits	 such	 as	 increased	 yield.	 In	 addition	 to	 high	
heterogeneity,	 parsnips	 also	 suffer	 from	 inbreeding	 depression	 as	 a	 result	 of	
repeated	 selfing,	 which	 produces	 progeny	 with	 reduced	 fitness.	 Therefore,	
backcrossing	 is	 frequently	used,	where	an	F1	hybrid	 is	crossed	with	a	parent	 to	
produce	 progeny	 displaying	 favourable	 traits	 closer	 to	 that	 of	 the	 parent.	 The	
process	 results	 in	uniform	progeny	with	high	vigour.	This	process	of	 traditional	
breeding	 can	 take	 up	 to	 20	 years	 to	 produce	 a	 new	 variety,	 but	 through	 the	




of	 disease	 resistance	 are	 controlled	 by	 multiple	 genes	 and	 are	 known	 as	
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quantitative	 traits,	with	 the	regions	of	 the	genome	associated	with	a	particular	
trait	 known	 as	 quantitative	 trait	 loci	 (QTLs).	 Identification	 of	 QTLs	 through	
traditional	phenotyping	alone	is	not	possible;	instead,	they	are	identified	through	
a	combination	of	phenotyping	and	DNA	markers	via	QTL	mapping	(Collard	et	al.,	
2005).	 	 Single	 nucleotide	 polymorphisms	 (SNPs)	 and	 the	 availability	 of	 high-
throughput	 genotyping	 platforms	 have	 accelerated	 the	 generation	 of	 linkage	
maps	and	the	routine	use	of	marker-assisted	breeding	(Collard	&	Mackill,	2008).	
SNP	discovery	does	not	always	guarantee	a	valid	marker,	so	validation	methods	
are	 required.	Of	 the	available	methods,	 LGC	Genomics’	 (formerly	KBiosciences)	
Competitive	 Allele	 Specific	 PCR	 (KASPar)	 is	 considered	 one	 of	 the	 most	 cost-
effective,	 and	 due	 to	 the	 flexibility	 of	 the	 assay,	 data	 can	 be	 obtained	 very	




offers	 cost-effective	and	scalable	 flexibility	 in	applications	 that	 require	 small	 to	
moderate	numbers	of	markers,	such	as	quantitative	trail	loci	(QTL)	mapping	in	bi-
parental	 crosses,	 marker	 assisted	 selection	 and	 marker	 assisted	 backcrossing	
(Semagn	 et	 al.,	 2013).	 KASP	 is	 a	 homogeneous,	 flurescence-based	 genotyping	
technology.	 It	 is	 based	 on	 allele-specific	 oligo	 extension	 and	 fluorescence	
resonance	energy	transfer	(FRET)	for	signal	generation	(Kumpatala	et	al.,	2012).	
The	 chemistry	 of	 the	 assays	 involves	 one	 common	 reverse	 primer	 and	 two	
competitive	allele	specific	tailed	forward	primers,	then	to	determine	alleles	at	a	
specific	locus,	the	system	relies	on	the	apttern	of	competitive	allele	specific	PCR	
(Lateef,	 2015).	 This	 involves	 competitive	 allele-specific	 PCR	 for	 a	 given	 SNP,	
followed	 by	 SNP	 detection	 through	 FRET	 (Mir	 et	 al.,	 2013).	 In	 KASPar	 assays	
there	 is	 no	 sequencing	 requirement	 to	 identify	 SNPs,	 instead	 SNP	 flanking	
sequences	already	known	 from	other	genotyping	assays	 (such	as	 Illumina),	 can	
be	 used	 for	 primer	 design	 for	 the	 KASPar	 assays	 (Gupta	 et	 al.,	 2008).	 	Whilst	
KASPar	 technology	 is	 still	 considered	 relatively	 new	 to	 the	 market,	 it	 is	 being	
widely	used	for	a	large	number	of	commercial	species	such	as	maize	and	wheat,	
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and	 offers	 an	 accuracy,	 speed	 and	 cost-effectiveness	 not	 currently	 available	 in	
























parsnip	 roots	 were	 harvested,	 washed	 with	 tap	 water,	 surface	 sterilized	 with	
70%	 ethanol	 (v/v)	 and	 air-dried.	 Each	 root	 was	 checked	 for	 any	 disease	
symptoms	before	the	widest	part	of	the	root	was	 inoculated	with	a	5	mm	agar	
plug	of	either	I.	pastinacae	isolate	IP10,	M.	acerina	isolate	MA2	or	C.	destructans	
isolate	 CD28	 from	 a	 seven-day-old	 actively	 growing	 colony	 (as	 described	 in	
Section	3.2.1,	Chapter	4,	Section	4.2.1	and	Section	4.2.7).	The	parsnips	were	then	
incubated	 at	 12°C	 on	 damp	 tissue	 in	 sealed	 3	 L	 plastic	 boxes	 with	 moist	

















combination	 in	 two	 plastic	 boxes,	 and	 three	 repeat	 experiments	 were	 carried	
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Experiments	 were	 set	 up	 to	 assess	 the	 resistance	 of	 the	 same	 parsnip	 parent	
lines	as	used	 in	 the	root	 resistance	assays	 to	 I.	pastinacae	 isolate	 IP10	 (Section	
5.2.1,	Table	5.1).	This	isolate	was	first	subcultured	onto	2%	malt	agar	(MA)	Petri	
dishes	 and	 incubated	 at	 20°C	 for	 ten	 days.	 Three	 agar	 blocks	 taken	 from	 the	
leading	edge	of	 the	culture	were	placed	 into	a	Petri	dish	of	20	ml	Malt	Extract	
Broth	(Oxoid)	and	incubated	for	ten	days	at	20°C.	Agar	plugs	were	removed	and	
mycelium	 washed	 in	 sterile	 RO	 water	 before	 being	 weighed.	 Three	 times	 the	
weight	 of	 the	 mycelium	 of	 sterile	 RO	 water	 was	 added	 to	 the	 mycelium	 and	
homogenised	(MSE,	England).	A	total	of	1,000	seeds	per	100	ml	were	soaked	in	
the	macerated	mycelia	 for	 four	hours,	after	which	the	excess	 fluid	was	drained	
off	and	the	seed	left	to	dry	overnight	in	a	laminar	flow	cabinet.	A	seed	test	was	
carried	out	to	confirm	all	seeds	were	coated	in	inoculum.	Thirty-five	seeds	were	
sown	 to	a	depth	of	0.5	cm	 in	a	 clear	plastic	box	containing	250	g	 sieved	sharp	
sand,	and	20	ml	sterile	RO	water	added	to	each	box	before	the	 lid	was	sealed.	
Boxes	 were	 placed	 in	 a	 controlled	 environment	 room	 at	 20°C	 and	 a	 16-hour	
photoperiod.	 Seedlings	 were	 assessed	 for	 germination	 and	 mortality	 twice	
weekly	 for	 a	 total	 of	 forty	 days.	 After	 this	 time	 seedlings	were	 harvested	 and	
scored	 for	 the	 presence	 of	 brown	 root	 symptoms.	 As	 I.	 pastinacae	 is	 a	 seed-
borne	 pathogen,	 background	 levels	 of	 the	 pathogen	were	 also	 present	 on	 the	
non-inoculated	 control	 seed.	 Therefore,	 an	 equal	 number	 of	 replicates	 for	 the	
control	 group	 as	 for	 the	 inoculated	 group	 were	 carried	 out.	 Four	 boxes	 were	







isolate	 MA2.	 Cornmeal	 was	 added	 to	 sieved	 sharp	 sand	 at	 100	 g	 L-1	 and	
approximately	250	ml	of	the	mixture	autoclaved	in	500	ml	conical	 flasks.	These	
flasks	were	 inoculated	with	 five	 5	mm	 PDA	 discs	 from	 an	 actively	 growing	M.	





of	 0.5	 cm	 in	 a	 clear	 plastic	 box	 containing	 250	 g	 inoculum.	 The	 seeds	 were	
covered	and	20	ml	sterile	RO	water	added	to	each	box	before	the	lid	was	sealed.	
Boxes	 were	 placed	 in	 a	 controlled	 environment	 room	 at	 20°C	 and	 a	 16-hour	
photoperiod.	Seedlings	were	assessed	for	germination	and	subsequent	mortality	
twice	 weekly	 for	 a	 total	 of	 forty	 days.	 After	 this	 time,	 the	 seedlings	 were	
harvested	and	scored	 for	 the	presence	of	brown	root	 symptoms.	As	previously	
mentioned,	 I.	 pastinacae	 is	 a	 seed-borne	 pathogen	 with	 background	 levels	
present	 on	 control	 seed.	 Therefore	 any	 brown	 root	 symptoms	 attributed	 to	 I.	
pastinacae	 in	 the	 control	 group	were	 not	 counted.	 Four	 boxes	were	 sown	 for	




Experiments	 were	 set	 up	 to	 assess	 the	 resistance	 of	 the	 same	 parsnip	 parent	
lines	 as	 used	 in	 the	 root	 resistance	 assays	 (Section	 5.2.1,	 Table	 5.1)	 to	 C.	
destructans	 isolate	 CD28	 in	 a	 seedling	 assay.	 Cornmeal	 was	 added	 to	 sieved	
sharp	sand	at	100	g	L-1	and	approximately	250	mL	of	the	mixture	autoclaved	in	
500	ml	conical	flasks.	The	flasks	were	inoculated	with	5	mm	PDA	discs	(five	discs	
per	 flask)	 from	 actively	 growing	C.	 destructans	 colonies	 grown	 on	 PDA	 for	 ten	
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and	 a	 16	 hour	 photoperiod.	 Seedlings	were	 assessed	 for	 germination	 and	 any	
seedling	 death	 twice	 weekly	 for	 a	 total	 of	 forty	 days.	 After	 this	 time,	 the	
seedlings	were	harvested	and	scored	for	the	presence	of	brown	root	symptoms.	
I.	pastinacae	is	a	seed-borne	pathogen	with	background	levels	present	on	control	
seed;	 therefore	 any	 brown	 root	 symptoms	 attributed	 to	 I.	 pastinacae	 in	 the	
control	 group	 were	 not	 counted.	 Four	 boxes	 were	 sown	 for	 each	 control	 and	





A	 parsnip	 root	 assay	 was	 developed	 to	 evaluate	 disease	 resistance	 within	 a	
parsnip	breeding	line	population.	Based	on	feedback	from	Elsoms	Seeds	Ltd	and	
parsnip	 growers,	 the	 pathogens	 I.	 pastinacae	 and	M.	acerina	were	 selected	 as	
the	focus	for	the	resistance	breeding	programme	and	are	therefore	the	only	two	
pathogens	 examined	 in	 the	 rest	 of	 this	 chapter.	 At	 the	 time	 of	 stating	 these	
assays	 the	 root	 symptom	 identification	 research	 (Chapter	 2)	 hadn’t	 yet	 been	





polytunnel	 compartment	 to	 germinate	 and	 encourage	 root	 growth.	 After	
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approximately	 6	 months,	 the	 parsnip	 roots	 were	 harvested,	 washed	 with	 tap	
water,	 surface	 sterilized	 with	 70%	 ethanol	 (v/v)	 and	 air-dried.	 Each	 root	 was	
checked	 for	 any	 disease	 symptoms	 before	 the	 widest	 part	 of	 the	 root	 was	
inoculated	 with	 a	 5	 mm	 agar	 plug	 of	 either	 I.	 pastinacae	 isolate	 IP10	 or	M.	
acerina	 isolate	MA2	from	a	seven-day-old	actively	growing	colony.	The	parsnips	
were	 then	 incubated	at	12°C	on	damp	 tissue	 in	 sealed	3	 L	plastic	boxes	 (three	
roots	 to	 a	 box)	 and	 moist	 conditions	 maintained	 to	 encourage	 disease	
development	by	misting	roots	with	RO	water	once	a	week.	Six	replicate	roots	per	










seed	 collected	 from	 140	 self-fertilised	 F2	 individuals	 (Table	 5.2).	 P20	 exhibits	
resistance	 to	 both	 the	 I.	 pastinaceae	 and	M.	 acerina	 pathogens,	 while	 P22	 is	
susceptible	 to	 both	 pathogens,	 so	 the	 progeny	 of	 the	 cross	 were	 expected	 to	
segregate	 for	 resistance.	 The	 genotyping	 population	 plants	 were	 grown	 from	
seed	 using	 the	 same	 procedure	 as	 in	 Section	 5.2.5,	 with	 three	 repeat	
experiments	being	carried	out	per	year.	Repeat	experiments	using	 I.	pastinacae	
isolate	 IP10	were	carried	out	each	year	 for	two	years,	whilst	M.	acerina	 isolate	





Table	 5.2	 –	 List	of	139	P.	 sativa	 genotyping	 Lines	 (F2:3)	 from	Elsoms	Seeds	 Ltd,	
with	 pathogen	 inoculation	 details	 for	 root	 inoculum	 (I.	 pastainacae	 or	 M.	
acerina)	and	the	year;	blank	cells	indicate	missing	data.	
	 I.	pastinacae	(IP10)	 M.	acerina	(MA2)	
Lines	 2013/14	 2014/15	 2013/14	 2014/15	 2015/16	
G001	 	 Y	 Y	 Y	 Y	
G003	 Y	 Y	 Y	 Y	 	
G005	 Y	 Y	 Y	 Y	 Y	
G006	 Y	 Y	 Y	 Y	 Y	
G007	 Y	 	 Y	 Y	 Y	
G011	 Y	 Y	 Y	 Y	 Y	
G013	 Y	 Y	 Y	 Y	 Y	
G014	 Y	 Y	 Y	 Y	 Y	
G015	 Y	 Y	 Y	 Y	 Y	
G017	 Y	 Y	 Y	 Y	 Y	
G019	 Y	 Y	 Y	 Y	 Y	
G020	 Y	 Y	 Y	 Y	 Y	
G021	 Y	 Y	 Y	 Y	 Y	
G025	 Y	 Y	 Y	 Y	 Y	
G026	 Y	 Y	 Y	 Y	 	
G027	 Y	 Y	 Y	 Y	 Y	
G028	 Y	 Y	 Y	 Y	 Y	
G030	 Y	 Y	 Y	 Y	 Y	
G031	 Y	 Y	 Y	 Y	 Y	
G032	 Y	 Y	 Y	 Y	 Y	
G034	 Y	 Y	 Y	 Y	 Y	
G035	 Y	 Y	 Y	 Y	 Y	
G036	 Y	 Y	 Y	 Y	 Y	
G038	 Y	 Y	 Y	 Y	 Y	
G039	 Y	 Y	 Y	 Y	 Y	
G046	 Y	 Y	 Y	 Y	 	
G047	 Y	 Y	 Y	 Y	 Y	
G048	 Y	 Y	 Y	 Y	 Y	
G049	 Y	 Y	 Y	 Y	 Y	
G051	 Y	 Y	 Y	 Y	 Y	
G054	 Y	 Y	 Y	 Y	 Y	
G057	 Y	 Y	 Y	 Y	 Y	
G058	 Y	 Y	 Y	 Y	 Y	
G059	 Y	 Y	 Y	 Y	 Y	
G060	 Y	 Y	 Y	 Y	 Y	
G062	 	 	 Y	 Y	 Y	
G063	 Y	 Y	 Y	 Y	 	
G064	 Y	 Y	 Y	 Y	 Y	
G065	 Y	 Y	 Y	 Y	 Y	
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	 I.	pastinacae	(IP10)	 M.	acerina	(MA2)	
Lines	 2013/14	 2014/15	 2013/14	 2014/15	 2015/16	
G066	 Y	 Y	 Y	 Y	 	
G068	 Y	 Y	 Y	 Y	 Y	
G069	 	 Y	 Y	 Y	 Y	
G072	 Y	 Y	 Y	 Y	 Y	
G075	 Y	 Y	 Y	 Y	 Y	
G076	 Y	 Y	 Y	 Y	 Y	
G077	 Y	 Y	 Y	 Y	 Y	
G079	 Y	 Y	 Y	 Y	 Y	
G080	 Y	 Y	 Y	 Y	 Y	
G082	 Y	 Y	 Y	 Y	 Y	
G086	 Y	 Y	 Y	 Y	 Y	
G087	 Y	 Y	 Y	 Y	 Y	
G089	 Y	 Y	 Y	 Y	 	
G091	 Y	 Y	 Y	 Y	 Y	
G092	 Y	 Y	 Y	 Y	 Y	
G103	 Y	 Y	 Y	 Y	 Y	
G105	 Y	 Y	 Y	 Y	 Y	
G108	 Y	 Y	 Y	 Y	 Y	
G111	 Y	 Y	 Y	 Y	 Y	
G119	 Y	 Y	 Y	 Y	 Y	
G124	 Y	 Y	 Y	 Y	 Y	
G138	 Y	 Y	 Y	 Y	 Y	
G139	 Y	 Y	 Y	 Y	 Y	
G140	 Y	 Y	 Y	 Y	 Y	
G142	 Y	 Y	 Y	 Y	 Y	
G143	 Y	 Y	 Y	 Y	 Y	
G144	 Y	 Y	 Y	 Y	 Y	
G151	 Y	 Y	 Y	 Y	 Y	
G152	 Y	 Y	 Y	 Y	 Y	
G153	 Y	 Y	 Y	 Y	 Y	
G159	 Y	 Y	 Y	 Y	 	
G183	 Y	 Y	 Y	 Y	 Y	
G184	 Y	 Y	 Y	 Y	 Y	
G190	 Y	 Y	 Y	 Y	 Y	
G192	 Y	 Y	 Y	 Y	 Y	
G196	 Y	 Y	 Y	 Y	 Y	
G197	 Y	 Y	 Y	 Y	 Y	
G199	 Y	 Y	 Y	 Y	 Y	
G201	 Y	 Y	 Y	 Y	 Y	
G203	 Y	 Y	 Y	 Y	 	
G206	 Y	 Y	 Y	 Y	 Y	
G207	 Y	 Y	 Y	 Y	 Y	
G210	 Y	 Y	 Y	 Y	 Y	
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	 I.	pastinacae	(IP10)	 M.	acerina	(MA2)	
Lines	 2013/14	 2014/15	 2013/14	 2014/15	 2015/16	
G211	 Y	 Y	 Y	 Y	 	
G212	 Y	 Y	 Y	 Y	 Y	
G215	 Y	 Y	 Y	 Y	 Y	
G216	 Y	 Y	 Y	 Y	 Y	
G217	 Y	 Y	 Y	 Y	 Y	
G218	 Y	 Y	 Y	 Y	 Y	
G219	 Y	 Y	 Y	 Y	 Y	
G220	 Y	 Y	 Y	 Y	 Y	
G221	 Y	 Y	 Y	 Y	 Y	
G222	 Y	 Y	 Y	 Y	 Y	
G223	 Y	 Y	 Y	 Y	 Y	
G225	 Y	 Y	 Y	 Y	 Y	
G227	 Y	 Y	 Y	 Y	 Y	
G230	 Y	 Y	 Y	 Y	 Y	
G233	 Y	 Y	 Y	 Y	 Y	
G234	 Y	 Y	 Y	 Y	 Y	
G236	 Y	 Y	 Y	 Y	 Y	
G237	 Y	 Y	 Y	 Y	 Y	
G239	 Y	 Y	 Y	 Y	 Y	
G240	 Y	 Y	 Y	 Y	 Y	
G241	 Y	 Y	 Y	 Y	 	
G243	 Y	 Y	 Y	 Y	 Y	
G245	 Y	 Y	 Y	 Y	 Y	
G247	 Y	 Y	 Y	 Y	 Y	
G248	 Y	 Y	 Y	 Y	 Y	
G249	 Y	 Y	 Y	 Y	 Y	
G250	 Y	 Y	 Y	 Y	 Y	
G251	 Y	 Y	 Y	 Y	 Y	
G253	 Y	 Y	 Y	 Y	 Y	
G256	 Y	 Y	 Y	 Y	 Y	
G257	 Y	 Y	 Y	 Y	 Y	
G258	 Y	 Y	 Y	 Y	 Y	
G259	 Y	 Y	 Y	 Y	 Y	
G261	 Y	 Y	 Y	 Y	 	
G262	 Y	 Y	 Y	 Y	 Y	
G263	 Y	 Y	 Y	 Y	 Y	
G266	 Y	 Y	 Y	 Y	 Y	
G267	 Y	 Y	 Y	 Y	 Y	
G268	 Y	 Y	 Y	 Y	 Y	
G269	 Y	 	 Y	 Y	 Y	
G270	 Y	 Y	 Y	 Y	 Y	
G271	 Y	 Y	 Y	 Y	 Y	
G273	 Y	 Y	 Y	 Y	 Y	
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	 I.	pastinacae	(IP10)	 M.	acerina	(MA2)	
Lines	 2013/14	 2014/15	 2013/14	 2014/15	 2015/16	
G274	 Y	 Y	 Y	 Y	 Y	
G277	 Y	 Y	 Y	 Y	 Y	
G278	 Y	 Y	 Y	 Y	 Y	
G279	 Y	 Y	 Y	 Y	 Y	
G280	 Y	 Y	 Y	 Y	 Y	
G281	 Y	 Y	 Y	 Y	 Y	
G282	 Y	 Y	 Y	 Y	 Y	
G286	 Y	 Y	 Y	 Y	 Y	
G287	 Y	 Y	 Y	 Y	 Y	
G288	 Y	 Y	 Y	 Y	 Y	
G289	 Y	 Y	 Y	 Y	 Y	
G291	 Y	 Y	 Y	 Y	 Y	
G292	 Y	 Y	 Y	 Y	 Y	
Total	 135	 137	 139	 139	 128	
	
5.2.7 Statistical	Analyses	
Statistical	 analysis	 was	 carried	 out	 using	 the	 software	 R	 (Version	 0.98.945,	 R	
Development	Core	Team,	2014).	For	the	screening	of	parent	lines	for	resistance	
to	I.	pastinacae,	M.	acerina	and	C.	destructans	using	a	detached	root	assay,	the	





The	 screening	 of	 parsnip	 parent	 lines	 for	 I.	 pastinacae,	 M.	 acerina	 and	 C.	
destructans	resistance	using	a	seedling	assay	was	calculated	as	seedling	disease	
(%),	 including	seedling	death	or	presence	of	a	brown	root	symptom	on	harvest.	












restricted	maximum	 likelihood	 (REML).	 From	 the	 REML	 output,	 adjusted	 (least	






Technologies	 B.V.	 (The	 Netherlands),	 where	 SNPs	 were	 identified	 through	
transcriptome	analysis.	A	total	of	433	SNPs	were	converted	to	KASParTM	markers	
and	 initially	 used	 to	 genotype	 212	 individual	 F2	 plants.	 This	 data	 was	 used	 to	
generate	a	 linkage	map	 in	JoinMap	4	(Van	Ooijen,	2006)	where	all	 the	markers	
were	 located	 on	 eleven	 linkage	 groups	 corresponding	 to	 the	 eleven	 parsnip	




markers	 mapped	 adjacent	 to	 each	 other,	 a	 reduced	 set	 of	 275	 KASP	 markers	
representing	 the	 distribution	 across	 the	 map	 were	 used	 for	 this	 genotyping.	
From	 the	 three	 F2:3	 genotypes	 obtained,	 the	 genotype	 of	 the	 F2	 parent	 was	
inferred	as	follows:	if	all	three	genotypes	for	a	marker	were	homozygous	for	the	
same	allele,	the	F2	parent	plant	was	called	homozygous	for	that	allele.	Instead,	if	
they	 were	 all	 heterozygous	 or	 segregated,	 the	 F2	 parent	 plant	 was	 called	
heterozygous.	 Alleles	 for	 each	 SNP	 were	 scored	 as	 heterozygous	 (‘h’),	
homozygous	 to	 parent	 P20	 (‘a’)	 or	 homozygous	 to	 parent	 P22	 (‘b’).	 Marker	
	 180	
segregation	was	analysed	 for	conformity	 to	Mendelian	 ratios	expected	 in	an	F2	
population	 using	 a	 chi-squared	 test.	 Markers	 were	 initially	 grouped	 based	 on	
independence	 logarithm	 of	 odds	 (LOD)	 scores	 >5.0	 using	 the	 G2	 statistic	 as	
calculated	 by	 JoinMap®4	 for	 recombination	 frequency	 (Van	 Ooijen,	 2006).	
Markers	 within	 groups	 were	 then	 ordered	 using	 the	 regression	 mapping	









(Van	Ooijen,	 2006;	 Jansen	 1993,	 1994;	 and	 Jansen	 and	 Stam	 1994)	 to	 identify	
cofactors	to	 improve	the	significance	of	the	95%	LOD	threshold.	A	permutation	
test	 with	 1,000	 iterations	 was	 used	 to	 determine	 the	 95%	 LOD	 significance	






developed	 lesions	 (Fig	 5.1),	 with	 loge-transformed	 mean	 lesion	 areas	 ranging	
from	0.2	cm2	to	1.2	cm2	(Fig	5.2).	The	ANOVA	showed	change	in	parsnip	line	to	
be	a	significant	effect	on	lesion	area	(p<0.05),	indicating	that	there	is	a	significant	
genetic	 component	 to	 the	 variation.	 Based	 on	 the	 LSD	 (5%)	 value	 of	 0.58,	 the	




parent	 lines	 displaying	 low	 lesion	 areas;	 these	 lines	 are	 significantly	 different	
(p<0.05)	to	P25	only.	The	intermediate	lines,	P11	and	P22,	overlap	with	both	LSD	























I.	 pastinacae	 isolate	 IP10.	 Error	 bars	 show	 SEM	 from	 three	 independent	
replicates	alongside	the	LSD	(5%	level).	
	
Table	 5.3	 –	 Loge-transformed	 means,	 5%	 LSD	 value	 and	 corresponding	
significance	 group	 based	 on	 I.	 pastinacae	 isolate	 IP10	 inoculation	 of	 parsnip	
parent	line	roots.	The	degrees	of	freedom	(d.f.)	were	9.	
Number	 Line	 Loge-transformed	mean	 5%	LSD	
1	 P25	 1.2697416	 a	
2	 P22	 0.7518508	 ab	
3	 P11	 0.7469382	 ab	
4	 P20	 0.5776422	 b	
5	 Panache	 0.436948	 b	
6	 P9	 0.4094555	 b	
7	 P15	 0.3693819	 b	
8	 P23	 0.3402982	 b	
9	 P24	 0.3016111	 b	
10	 P14	 0.2241443	 b	
d.f.	 9	 	 	























lines	 into	 seven	 groups	 (Table	 5.4),	 where	 each	 distinct	 group	 is	 significantly	
different	(p<0.05)	to	other	groups.	The	highest	lesion	area	was	observed	in	line	
P22,	 which	 is	 significantly	 different	 (p<0.05)	 from	 six	 other	 lines.	 The	 lowest	
lesion	area	 is	observed	 in	 line	Panache,	which	 is	 significantly	different	 (p<0.05)	


































Number	 Line	 Loge-transformed	mean	 5%	LSD	
1	 P22	 1.192005077	 a	
2	 P11	 1.075830963	 ab	
3	 P14	 0.793291126	 abc	
4	 P23	 0.788043412	 abc	
5	 P25	 0.496198499	 bcd	
6	 P24	 0.273245333	 cd	
7	 P20	 0.040119743	 de	
8	 P9	 -0.003466196	 de	
9	 P15	 -0.168720075	 de	
10	 Panache	 -0.438990708	 e	
d.f.	 9	 	 	




































Figure	 5.5	 –	 Developing	 symptom	 of	 C.	 destructans	 isolate	 CD28	 inoculated	



















C.	 destructans	 isolate	 CD28.	 Error	 bars	 show	 SEM	 from	 three	 independent	
replicates	alongside	the	LSD	(5%	level).			
	
Table	 5.5	 –	 Loge	 transformed	 means,	 5%	 LSD	 value	 and	 corresponding	
significance	 group	 based	 on	C.	 destructans	 isolate	 CD28	 inoculation	 of	 parsnip	
parent	line	roots.	The	degrees	of	freedom	(d.f.)	were	9.	
Number	 Line	 Loge-transformed	mean	 5%	LSD	
1	 P23	 1.0417074	 a	
2	 P9	 0.5662831	 b	
3	 P14	 0.5511062	 b	
4	 P25	 0.4085262	 b	
5	 P20	 0.2690951	 bc	
6	 P22	 0.1584034	 bc	
7	 P24	 0.1542320	 bc	
8	 Panache	 0.1377559	 bc	
9	 P11	 0.1125462	 bc	
10	 P15	 0.1014961	 c	
d.f.	 9	 	 	



















and	 brown	 root	 symptoms	 to	 develop	 across	 all	 parent	 lines	 (Fig	 5.7).	 As	 I.	
pastinacae	is	a	seed-borne	pathogen,	background	rates	are	present	on	the	non-
inoculated	 seed,	 leading	 to	 seedling	 death	 and	 brown	 root	 symptoms	 in	 the	
control	groups.	The	mean	percentage	of	infected	seedlings	ranged	from	30%	to	
80%	 in	 inoculated	 parent	 lines,	 and	 5%	 to	 20%	 in	 the	 control,	 non-inoculated,	
lines	 (Fig	 5.8).	 Parent	 line	 P15	 displayed	 the	 highest	 mean	 seedling	 disease	
incidence	in	inoculated	seed,	but	the	lowest	mean	seedling	disease	incidence	in	
control	 seed,	 whilst	 line	 P20	 exhibits	 the	 lowest	 seedling	 death	 in	 inoculated	














Figure	 5.7	 –	Brown	 root	 symptoms	on	parsnip	parent	 line	 seedlings	 from	seed	






using	 a	 GLM.	 The	 parent	 lines	 show	 a	 significant	 effect	 (p<0.05)	 on	 seedling	
disease	 so	 a	 posthoc	 ‘Tukey’	 analysis	 (Table	 5.6)	 was	 performed	 to	 highlight	
significant	 differences	 between	 individual	 control	 and	 inoculated	 lines.	 The	
analysis	of	inoculated	lines	found	P20	to	be	significantly	different	(p<0.05)	to	all	
other	parent	 lines	other	 than	P22.	 Line	P22	was	 significantly	different	 (p<0.05)	
from	 P9	 and	 P15,	 the	 two	 lines	 displaying	 the	 highest	 seedling	 disease.	 In	 the	
control	 lines,	 P15	was	 significantly	 different	 (p<0.05)	 to	 all	 other	 lines,	 P9	was	

















Figure	 5.8	 –	Ranked	 final	 seedling	disease	 (%),	 including	death	of	 I.	 pastinacae	
isolate	 IP10	 inoculated	 and	 control	 parsnip	 parent	 line	 seedlings.	 Blue	 bars	
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M.	 acerina	 isolate	 MA2	 inoculum	 caused	 seedling	 death	 and	 brown	 root	
symptoms	 to	develop	across	all	parsnip	parent	 lines.	M.	acerina	 is	a	 soil-borne	
pathogen,	 with	 limited	 evidence	 of	 being	 seed-borne	 on	 hosts	 unrelated	 to	
parsnip.	 The	 seedling	 disease	 and	 death	 observed	 in	 the	 control	 lines	 is	
predominantly	 due	 to	 poor	 germination	 and	 vigour	 in	 parsnips,	 leading	 to	
increased	 seedling	 damping-off.	 The	 mean	 seedling	 disease	 incidence	 in	




seedling	 disease	 in	 both	 the	 inoculated	 and	 controls,	 with	 P24	 displaying	 the	
highest	seedling	disease	in	the	inoculated	and	one	of	the	highest	in	the	control.							
	
A	 GLM	 showed	 there	 to	 be	 a	 significant	 difference	 (p<0.05)	 between	 the	
inoculated	 and	 control	 groups,	 with	 parent	 line	 to	 have	 a	 significant	 effect	
(p<0.05)	 on	 seedling	 disease.	 A	 posthoc	 ‘Tukey’	 analysis	 (Table	 5.7)	 identified	
significant	 differences	 between	 individual	 lines	 from	 both	 the	 control	 and	
inoculated	 group.	 The	 analysis	 of	 the	 inoculated	 lines	 identified	 a	 significant	


























Figure	 5.9	 –	 Ranked	 final	 seedling	 disease	 (%),	 including	 death	 of	M.	 acerina	
isolate	 MA2	 inoculated	 and	 control	 parsnip	 Parent	 line	 seedlings.	 Red	 bars	
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C.	 destructans	 isolate	 CD28	 inoculum	 caused	 seedling	 death	 and	 brown	 root	
symptoms	 to	develop	across	 all	 parsnip	parent	 lines,	 including	both	 inoculated	
and	 control	 groups.	 The	 most	 likely	 explanation	 for	 any	 apparent	 seedling	
disease	observed	 in	the	control	groups	 is	 the	known	low	germination	and	poor	
seedling	 vigour	 of	 parsnip.	 The	 mean	 seedling	 disease	 incidence	 within	 the	
inoculated	 lines	 range	 from	 65%	 to	 95%,	 while	 the	 mean	 of	 the	 control	 lines	
ranged	from	0%	to	5%	(Fig	5.10).	Within	the	inoculated	lines,	P11	displayed	the	
highest	 seedling	 disease	 (%)	 and	P20	 the	 lowest.	 The	 control	 line	 P9	 exhibited	





and	 control	 groups,	 and	 showed	 line	 to	 have	 a	 significant	 effect	 (p<0.05)	 on	
seedling	 disease.	 The	 posthoc	 ‘Tukey’	 analysis	 identified	 no	 significant	
differences	between	 inoculated	 lines.	Within	 the	control	 lines,	 there	were	only	























Figure	 5.10	 –	 Ranked	 final	 seedling	 disease	 percentage,	 including	 death	 of	 C.	
destructans	 isolate	 CD28	 inoculated	 and	 control	 parsnip	 parent	 line	 seedlings.	
Green	bars	represent	inoculated	seed,	grey	bars	indicate	control	seed.	Note	that	


















all	 parsnip	 parent	 lines	 in	 C.	 destructans	 resistance	 assay.	 Yellow	 indicates	
significant	 differences	 of	 p<0.05.	 Only	 control	 lines	 are	 compared,	 as	 no	
significant	differences	were	detected	between	inoculated	lines.	
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Following	 inoculation	 with	 I.	 pastinacae	 isolate	 IP10,	 all	 parsnip	 breeding	 line	
roots	developed	lesions,	with	log10	transformed	mean	lesion	area	ranging	from	-
0.21	cm2	to	0.72	cm2	(Fig	5.11).	The	ANOVA	showed	line	to	be	a	significant	effect	
on	 lesion	 area	 (p<0.05).	 Based	 on	 the	 LSD	 (5%)	 value	 of	 0.2536,	 the	 lines	 are	
separated	 into	18	 groups	 (Table	5.9),	where	each	distinct	 group	 is	 significantly	
different	 (p<0.05)	 to	other	groups.	The	highest	 lesion	area	was	seen	 in	 line	B3,	












Table	 5.9	 –	 Log10-transformed	 means,	 5%	 LSD	 value	 and	 corresponding	
significance	 group	 based	 on	 I.	 pastinacae	 isolate	 IP10	 inoculation	 of	 parsnip	
breeding	line	roots.	The	degrees	of	freedom	(d.f.)	were	26.	
Number	 Breeding	line	 Log10-transformed	mean	 5%	LSD	
1	 B21	 0.7215	 	a	
2	 B22	 0.5625	 	ab	
3	 B23	 0.3569	 	abc	
4	 B17	 0.2474	 	abcd	
5	 B14	 0.2465	 	abcd	
6	 B20	 0.1803	 	abcd	
7	 B04	 0.1693	 	abcde	
8	 B11	 0.1552	 	abcdef	
9	 B27	 0.1509	 	bcdef	
10	 B18	 0.1204	 	abcdefg	
11	 B24	 0.1074	 	cdefgh	
12	 B15	 0.0731	 	cdefgh	
13	 B19	 0.0707	 	bcdefghi	
14	 B06	 0.0633	 	cdefghij	
15	 B13	 0.0632	 	bcdefghijk	











































































Number	 Breeding	line	 Log10-transformed	mean	 5%	LSD	
17	 B09	 0.0455	 	cdefghijklm	
18	 B02	 0.0206	 	dghijklm	
19	 B10	 0.001	 	giklm	
20	 B25	 -0.0312	 	defghijklmn	
21	 B26	 -0.0321	 	ghijklmno	
22	 B05	 -0.0348	 	dfghijklmnop	
23	 B12	 -0.039	 	ikmnop	
24	 B01	 -0.0458	 	ikmnop	
25	 B08	 -0.0685	 	np	
26	 B07	 -0.0806	 	q	









Based	on	the	LSD	(5%)	value	of	1.926,	 the	 lines	are	separated	 into	nine	groups	
(Table	5.10),	where	each	distinct	group	is	significantly	different	(p<0.05)	to	other	
groups.	The	highest	lesion	area	was	seen	in	line	B21,	and	the	lowest	lesion	area	
in	 line	B26.	 The	 LSD	 (5%)	 shows	all	 groups	overlapping,	 indicating	only	 lines	 in	











on	 M.	 acerina	 isolate	 MA2	 inoculation	 of	 parsnip	 breeding	 line	 roots.	 The	
degrees	of	freedom	(d.f.)	were	26.	
Number	 Line	 Mean	 5%	LSD	
1	 B21	 6.442	 	a	
2	 B12	 5.329	 	ab	
3	 B19	 5.313	 	ab	
4	 B01	 5.141	 	abc	
5	 B18	 4.789	 	abcd	
6	 B13	 4.644	 	abcde	
7	 B20	 4.458	 	abcdef	
8	 B16	 4.297	 	abcdef	
9	 B23	 4.262	 	abcdef	
10	 B02	 4.163	 	abcdef	
11	 B22	 4.12	 	abcdef	
12	 B06	 4.051	 	abcdef	
13	 B07	 3.877	 	abcdef	
14	 B11	 3.75	 	abcdef	


















Number	 Line	 Mean	 5%	LSD	
16	 B10	 3.567	 	abcdef	
17	 B24	 3.459	 	abdef	
18	 B14	 3.373	 	abcdefg	
19	 B25	 3.344	 	abcdefgh	
20	 B03	 3.054	 	abdefgh	
21	 B04	 3.013	 	abcdefghi	
22	 B17	 2.907	 	abcdefghi	
23	 B05	 2.843	 	bdefghi	
24	 B27	 2.84	 	bdefghi	
25	 B09	 2.688	 	bdefghi	
26	 B08	 2.431	 	bdfghi	







5.3.9 Genotyping	 population	 root	 assay	 to	 screen	 for	 resistance	 to	 I.	
pastinacae		
Following	 inoculation	 with	 I.	 pastinacae	 isolate	 IP10,	 all	 2013/14	 genotyping	
population	roots	developed	lesions,	with	log10	adjusted	mean	lesion	area	ranging	
from	 -0.8	 cm2	 to	 0.3	 cm2	(Fig	 5.13A).	 The	 log10-transformed	mean	 values	were	
adjusted	through	REML	analysis	to	counter	for	significant	random	effects	within	
the	REML	model.	The	REML	analysis	identified	replicate	to	be	a	significant	effect	
(p<0.001,	 Wald	 statistic	 =	 83.84)	 (Table	 5.11),	 so	 adjusted	 means	 were	
generated.	 The	 inoculation	 of	 the	 genotyping	 population	 with	 I.	 pastinacae	
isolate	 IP10	 in	 the	 year	 2014/15	 also	 led	 to	 the	 development	 of	 lesions	 on	 all	
roots.	The	log10-transformed	means	were	again	adjusted	through	REML	analysis,	
as	replicate	was	found	to	be	a	significant	effect	within	the	model	(p<0.001,	Wald	






Wald	 statistic	 =	 365.48)	 on	 lesion	 area	 (Table	 5.11).	 This	 verifies	 that	 there	 is	
significant	 genetic	 variation	 that	 can	 be	 used	 in	 QTL	 analysis	 to	 search	 for	






both	 the	 2013/14	 and	 2014/15	 populations,	 a	 significant	 difference	 to	 the	 5%	





























































































































































































































































































































































I.	 pastinacae	 and	M.	 acerina	 inoculated	 genotype	 population	 roots	 over	 three	
years.	 Wald	 statistic,	 p-value,	 variance	 and	 standard	 deviation	 (SD)	 given	 for	
































































































































































































































































































































































































Following	 inoculation	 with	 M.	 acerina	 isolate	 MA2,	 all	 2013/14	 genotyping	
population	 roots	 developed	 lesions.	 Log10-transformed	 data	 was	 adjusted	
through	REML	analysis	 to	counter	 for	any	significant	 random	effects	within	 the	
REML	 model.	 The	 REML	 model	 indicated	 replicate	 was	 a	 significant	 random	
effect	 (p<0.001,	Wald	 statistic	 =	 57.24)	 (Table	 5.11).	 The	 log10	 adjusted	 mean	
lesion	 areas	 range	 from	 -0.6	 cm2	 to	 0.5	 cm2	 (Fig	 5.14A),	 with	 line	 being	 a	




MA2	 for	 the	 year	2014/15	also	 led	 to	 the	development	of	 lesions	on	all	 roots.	
The	log10-transformed	means	were	adjusted	through	a	REML	analysis,	identifying	
replicate	as	a	 significant	 random	effect	 (p<0.001,	Wald	statistic	=	47.92)	 (Table	
5.11),	and	range	from	-0.3	cm2	to	0.6	cm2	(Fig	5.14B).	The	final	year,	2015/16	of	
M.	acerina	isolate	MA2	inoculated	genotype	line	roots	led	to	the	development	of	
lesions	 across	 all	 roots.	 The	 mean	 lesion	 areas	 were	 log10-transformed	 and	
adjusted	 through	 REML	 analysis	 to	 counter	 for	 significant	 random	 effects.	 The	
adjusted	 mean	 lesion	 areas	 range	 from	 -0.5	 cm2	 to	 0.5	 cm2	 (Fig	 5.14C).	 For	
2013/14,	2014/15	and	2015/16	the	REML	analysis	identified	line,	the	fixed	effect,	
to	 be	 a	 significant	 factor	 (p<0.001,	 Wald	 statistic	 =	 297.25,	 p<0.001,	 Wald	
statistic	=	316.7	and	p<0.001,	Wald	statistic	=	401.13	respectively)	(Table	5.11).	A	
significant	 difference	 was	 identified	 between	 each	 year	 of	 the	 experiment,	
2013/14,	 2014/15	 and	 2015/16;	 however,	 there	 are	 similarities	 in	 some	 lines	









2013/14,	 (B)	 138	parsnip	 genotyping	 lines	 from	 the	 year	 2014/15,	 and	 (C)	 128	
















































































































































































































































































































































































































































































population	 for	QTL	 analysis.	 A	 total	 of	 274	 SNP	 loci	were	 genotyped	using	 the	
KASParTM	genotyping	chemistry	and	included	in	the	linkage	map.		
	
Pairwise	 linkage	 analysis	 grouped	 all	 274	 markers	 into	 11	 linkage	 groups,	
corresponding	 to	 each	 of	 the	 P.	 sativa	 haploid	 chromosomes	 (2n	 =	 22).	 The	
distribution	of	markers	within	the	linkage	groups	varies	from	14	to	33	SNPs	per	
linkage	 group	 (Table	 5.12).	 Regression	mapping	 of	 the	 pairwise	 linkage	 groups	
successfully	ordered	all	SNP	markers	within	their	respective	linkage	groups.	The	
centiMorgan	 (cM)	distance,	 spanned	by	 the	SNP	markers	 in	 the	 linkage	groups	
ranged	from	0	to	107.6	cM.	The	total	map	consists	of	274	SNP	loci	and	spanned	a	

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The	 REML	 analyses	 of	 the	 phenotype	 trait	 data	 demonstrated	 a	 significant	
variation	 between	 lines	 for	 development	 of	 lesions,	 after	 inoculation	 with	 I.	
pastinacae	 isolate	 IP10	 and	M.	acerina	 isolate	MA2.	 The	 adjusted	means	 from	
the	 REML	 analyses	 were	 combined	 with	 the	 linkage	 map	 to	 carry	 out	 QTL	
analysis	on	 the	 five	 traits;	 I.	pastinacae	 inoculated	roots	2013/14,	 I.	pastinacae	
inoculated	 roots	 2014/15,	 M.	 acerina	 inoculated	 roots	 2013/14,	 M.	 acerina	
inoculated	 roots	 2014/15	 and	M.	 acerina	 inoculated	 roots	 2015/16.	 The	 QTL	
analysis	was	performed	separately	on	the	data	for	each	of	the	phenotype	traits	




Interval	mapping	was	 carried	 out	 in	 R/qtl,	 using	 a	Haley-Knott	 regression.	 This	
process	 identified	 a	 QTL	 for	 the	 trait	M.	 acerina	 2014/15	 (Fig	 5.16),	 marker	
Pas1021_98532_5	on	linkage	group	6	at	32.24	cM	with	a	LOD	score	of	3.56,	just	
above	 the	 significance	 threshold	 of	 3.51	 (Table	 5.12).	 Multiple-QTL	 mapping	
(MQM)	through	MapQTL	was	 then	used	to	enhance	the	sensitivity	 for	 this	QTL	
using	co-factors.	A	number	of	cofactors	were	examined	and	tested	based	upon	
the	 linkage	 to	 the	 trait	 on	 different	 chromosomes.	 One	 cofactor	 was	 found,	
Pas28073_1418_1	 on	 linkage	 group	 3,	 which	 improved	 the	 significance	 of	 the	
peak	 LOD	score	on	 linkage	group	6	 to	a	 LOD	value	of	3.69.	No	other	 cofactors	
were	 found	 to	 further	 improve	 this	 value	 (Fig	 5.17).	 The	 95%	 LOD	 confidence	
interval	 for	 this	 QTL	 confers	 to	 Pas6193_8783_13	 –	 Pas6550_2592_1.	 The	
increasing	 allele	 in	 this	QTL	was	 ‘a’,	 indicating	 the	 positive	 allele	 conferring	 to	






















1	 33	 0.482	 1.681	 1.795	 0.493	 1.671	
2	 28	 0.927	 1.101	 2.328	 0.764	 1.505	
3	 32	 0.242	 1.820	 1.257	 1.955	 1.659	
4	 30	 1.621	 0.986	 0.783	 0.303	 1.516	
5	 22	 2.624	 0.895	 2.287	 0.532	 1.317	
6	 32	 0.989	 1.014	 0.783	 3.561	 2.221	
7	 21	 0.791	 0.315	 1.651	 0.764	 1.079	
8	 24	 1.119	 0.930	 0.907	 1.286	 0.886	
9	 18	 0.566	 1.046	 0.656	 2.322	 1.510	
10	 20	 1.659	 1.018	 2.602	 1.022	 0.498	




3.48	 3.44	 3.49	 3.51	 3.69	
















































































companies	 are	 now	 looking	 to	 modern	 genetic	 technologies	 to	 improve	 the	
accuracy	and	speed	of	crop	breeding	programmes.	Achieving	 this	goal	 requires	
the	 development	 of	 a	 robust	 phenotyping	 assay,	 the	 identification	 of	 resistant	
lines	 and	 the	 subsequent	 mapping	 of	 resistance	 genes	 so	 that	 linked	 genetic	
markers	 can	 be	 identified	 for	 use	 in	marker	 assisted	 selection.	 This	work	 is	 an	
initial	study	 into	developing	a	 large-scale	phenotyping	system	to	determine	the	
degree	 of	 resistance	 within	 commercial	 parsnip	 breeding	 lines,	 with	 a	 SNP-
genotyped	parsnip	mapping	population	also	screened	to	identify	QTLs	conferring	
resistance.	This	research	will	have	a	direct	impact	on	the	industry	by	enabling	the	
breeding	of	new	parsnip	 varieties	 that	 are	 less	 susceptible	 to	 losses	 caused	by	
root	cankers.		
	
The	 development	 of	 parsnip	 seedling	 and	 root	 assays	 to	 determine	 levels	 of	
resistance	in	response	to	I.	pastinacae,	M.	acerina	and	C.	destructans	is	novel.	In	
addition,	 no	 previous	 research	 has	 identified	 seedling	 blight	 and	 taproot	
browning	 as	 symptoms	 of	 I.	 pastinacae	 infection.	 Furthermore,	 the	 work	
described	here	provides	 the	 first	evidence	of	 taproot	browning	 symptoms	as	a	
response	 to	M.	 acerina	 and	 C.	 destructans	 infection	 in	 parsnip	 seedlings.	 The	
development	of	 these	seedling	assays	offers	a	higher	throughput	alternative	to	
root	 assays;	waiting	 for	 roots	 to	 grow	and	 reach	a	 suitable	 size	 for	 inoculation	




In	 the	 I.	 pastinacae	 root	 and	 seedling	 assays,	 a	 range	 of	 resistance	 levels	was	
observed	between	the	parsnip	parent	lines.	Significant	differences	between	lines	
were	 observed	 in	 both	 experiments	 indicating	 some	 parsnip	 lines	 were	 more	
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resistant	to	 I.	pastinacae	 than	others.	There	was	 little	consistency	between	the	
results	 of	 the	 two	 assays	 with	 only	 Panache	 performing	 comparably	 between	
them.	Many	 lines	 displayed	 contrasting	 results.	 For	 example,	 in	 the	 root	 assay	
line	P15	displayed	the	smallest	lesion	area,	and	therefore	the	highest	resistance,	
while	 in	 the	 seedling	 assay	 it	 displayed	 the	 highest	 percentage	 of	 seedling	
disease	and	was	therefore	the	most	susceptible.	Similarly,	P25	displayed	a	larger	
lesion	 area	 in	 the	 root	 assay	 and	 lower	 percentage	 seedling	 disease	 indicating	





range	 of	 resistance	 was	 observed	 between	 the	 parsnip	 parent	 lines,	 with	
significant	differences	between	lines	present	 in	both	experiments.	A	number	of	
lines	responded	similarly	in	both	assays:	for	example,	lines	P15	and	P9	displayed	
small	 lesion	 areas	 and	 low	 percentage	 seedling	 disease	 in	 the	M.	 acerina	 root	
and	seedlings	assay,	respectively,	whilst	P22	and	P23	were	highly	susceptible	in	
both	 assays.	 A	 similar	 response	 was	 observed	 in	 the	 C.	 destructans	 root	 and	
seedling	resistance	assays,	with	lines	P9,	P14	and	P23	displaying	low	resistance	in	
both.	Therefore,	the	only	line	to	display	similarly	low	levels	of	resistance	to	both	




When	 assessing	 results	 from	 both	 the	 root	 and	 seedling	 assays	 for	 all	 three	
pathogens,	 I.	pastinacae,	M.	acerina	and	C.	destructans,	no	obvious	correlation	
was	 detected.	 For	 example,	 P23	 displayed	 high	 levels	 of	 resistance	 to	 the	 first	






the	 importance	 of	 assessing	 resistance	 across	 various	 stages	 of	 plant	






been	 shown	 in	 edible	 burdock	 leaves	 following	 inoculation	 with	 I.	 perplexans	
where,	 as	 previously	mentioned	 in	 Chapter	 2,	 leaves	 younger	 than	 5	 days	 are	
highly	 susceptible	 to	 infection	 whileleaves	 older	 than	 30	 days	 are	 essentially	
immune	(Horita	&	Yasuko,	2002).		
	
The	 lines	P20	and	P22	were	of	particular	 interest	 in	these	experiments	as	they,	
are	 the	parents	of	 the	 cross	used	 to	make	 the	genotyping	population	used	 for	
QTL	mapping.	This	cross	was	selected	by	Elsoms	Seeds	Ltd	prior	 to	 the	start	of	
this	 project,	 based	on	 resistance	 experiments	 against	 a	 range	of	 pathogens,	 in	




and	 P22	 appear	 to	 perform	 equally	 in	 both	 assays.	 This	 suggests	 that	 the	




significantly	 different	 levels	 of	 resistance	 across	 lines	 in	 response	 to	 both	M.	
acerina	 and	 I.	 pastinacae.	 Little	 correlation	 was	 identified	 between	 the	 two	
pathogens,	 although	 white	 parsnip	 roots	 were	 identified	 as	 being	 highly	
susceptible	to	both	pathogens.	Specific	consistencies	were	observed	in	line	B21,	
which	was	 highly	 susceptible	 in	 both	 assays,	 and	 B5,	 B8	 and	 B26,	which	were	
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resistant	 to	 both	 pathogens.	 All	 parsnip	 line	 selections	 to	 date,	 including	 the	
breeding	population,	have	been	based	on	field	selection.	As	shown	in	Chapter	2,	
a	 complex	 of	 fungal	 pathogens	 have	 been	 identified	 as	 causal	 agents	 for	 root	
canker	 disease,	 so	 selecting	 for	 specific	 resistance	 in	 a	 field	 setting	 can	 be	
difficult,	 leading	 to	highly	 variable	 results.	 By	developing	 these	novel	 assays,	 it	
will	 be	 possible	 for	 commercial	 breeding	 programmes	 to	 select	 lines	 for	
resistance	to	a	specific	pathogen.	Whilst	traditional	field	selection	provided	good	






specific	 cropping	 guides	 of	 each	 line	 being	 taken	 into	 account.	 It	 is	 therefore	






139	 lines,	 but	 like	 the	 previous	 resistance	 assays	 no	 correlation	 was	 detected	
across	 pathogens	 or	 years.	 The	 original	 genetic	 map	 of	 433	 KASP	 markers	
developed	by	Elsosms	Seeds	Ltd	and	Genetwister	was	based	on	genotyping	the	
F2	 generation.	 However,	 as	 this	 did	 not	 include	 the	 F2	 parents	 of	 64	 of	 the	
phenotyped	 F2:3	 families,	 three	 F2:3	 individuals	 for	 each	 of	 these	 families	 were	
genotyped	 to	 enable	 the	 genotype	 of	 these	 F2	 parents	 to	 be	 inferred	 and	
incorporated	 into	an	updated	version	of	the	genetic	map.	The	REML	means	for	
the	F2:3	families	was	used	as	the	phenotypic	input	for	QTL	analysis	and	this	was	
successful	 in	 identifying	one	significant	QTL	on	 linkage	group	6	for	the	2014/15	
season	 M.	 acerina	 phenotype	 data.	 This	 QTL	 explained	 about	 11%	 of	 the	
variance,	 which,	 given	 the	 usually	 large	 environmental	 component	 to	 the	
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variance	 (typically	 in	 the	 region	 of	 50%),	 suggests	 that	 other	 loci	 may	 also	
contribute	to	the	observed	resistance.	The	fact	that	other	QTL	for	this	trait-year	





data.	One	 possibility	 to	 address	 this	 issue	with	 the	 available	 data	would	 be	 to	
rebuild	the	genetic	map	for	the	actual	192	(i.e.	3	x	64)	genotyped	F2:3	individuals	
and	 use	 this	 to	 perform	 the	QTL	 analysis.	 By	 doing	 this,	 the	 availability	 of	 the	
genotype	 of	 all	 phenotyped	 individuals	 might	 improve	 the	 power	 for	 QTL	
detection.	 However,	 the	 QTL	 that	 has	 been	 identified	 does	 now	 provide	
















losses	 in	 the	 UK.	 There	 have	 been	 limited	 studies	 examining	 the	 range	 of	
pathogens	 associated	 with	 root	 canker	 symptoms	 and	 identifying	 the	 primary	
pathogens	responsible.	The	work	of	Channon	(1963a,	1964,	1981)	was	seminal	in	
identifying	 I.	 pastinacae,	M.	 acerina	 and	 C.	 destructans,	 together	 with	 Phoma	
spp.,	 as	 the	 primary	 causes	 of	 canker	 in	 parsnip	 roots.	 Since	 then,	 no	 other	
comprehensive	 studies	 have	 characterised	 the	 diversity	 of	 these	 primary	
pathogens	in	parsnips.	Control	measures	for	parsnip	canker	are	limited,	with	no	
specific	 fungicides	 available	 and	 cultural	 practices	 only	 providing	 minor	
reductions	 in	 canker	 prevalence.	 As	 a	 result,	 there	 is	 a	 desire	 for	 alternative,	
long-term	forms	of	control	such	as	plant	resistance.	Traditional	parsnip	breeding	
can	 take	 up	 to	 20	 years	 to	 produce	 a	 new	 line.	However,	modern	 breeding	 in	
large	 acre	 crops	 now	 utilises	 the	 latest	 technologies,	 such	 as	 marker	 assisted	
breeding,	 to	 significantly	 increase	 the	 efficiency	 of	 this	 process.	 This	 project	 is	
extremely	 timely,	 as	 the	 new	 sequencing	 technologies	 allow	 us	 to	 apply	 such	
practices	to	parsnip.	The	aims	of	this	research,	as	outlined	in	Chapter	1,	were	to	
characterise	pathogens	 responsible	 for	 causing	parsnip	 cankers	and	 to	develop	
tools	 to	 facilitate	 breeding	 for	 quantitative	 resistance	 to	 parsnip	 root	 canker	
diseases.		
	
The	 results	 from	 the	 isolation	 and	 identification	 of	 pathogens	 responsible	 for	
parsnip	 canker,	 as	 described	 in	 Chapter	 2,	 highlighted	 a	 range	 of	 pathogens	
associated	 with	 parsnip	 root	 blemishes.	 For	 the	 first	 time,	 this	 study	 showed	
parsnip	canker	symptoms	to	be	clearly	associated	with	certain	pathogens,	which	
in	turn	have	been	confirmed	by	molecular	methods.	This	has	therefore	provided	
a	more	 robust	 basis	 for	 identifying	 the	 causal	 agents	 of	 the	 different	 types	 of	
parsnip	canker.	C.	destructans,	M.	acerina	and,	 to	a	 lesser	extent,	 I.	pastinacae	
	 219	
were	identified	as	the	main	species	responsible	for	causing	parsnip	canker,	which	
provides	 important	 information	 commercially,	 for	 growers	 and	 breeders	 in	
designing	 more	 targeted	 control	 approaches	 and	 breeding	 programmes	 to	
provide	more	effective	control	of	parsnip	canker.		
	
The	 Itersonilia	 spp.	 isolate	 characterisation	 represents	 the	 first	 study	 where	
Itersonilia	 spp.	 isolates	 from	 other	 hosts	 have	 been	 found	 to	 cause	 canker	
symptoms	 on	 parsnip.	 Following	 root	 and	 leaf	 inoculation	 experiments,	 all	
Itersonilia	spp.	isolates	from	a	range	of	hosts,	including	parsnip,	chrysanthemum	
and	 dill,	were	 found	 to	 cause	 canker	 symptoms	 on	 parsnip	 roots	 and	 necrotic	
lesions	 on	 parsnip	 leaves.	 It	 is	 also	 the	 first	 study	 to	 quantify	 the	 effect	 of	
temperature	 on	 growth	 rate	 and	 spore	 production.	 These	 results	 confirm	 the	
ability	of	Itersonilia	spp.	to	grow	at	low	temperatures,	a	defining	characteristic	of	
similar	 species	within	 the	Cystofilobasidiales	order.	 In	 addition,	 chlamydospore	
production	 in	 all	 Itersonilia	 spp.	 isolates	was	 higher	 than	 ballistospores	 at	 low	
temperatures,	 with	 higher	 numbers	 of	 ballistospores	 produced	 at	 high	
temperatures.	Both	of	these	results	are	consistent	with	the	hypothesised	mode	
of	 transmission,	 suggesting	 high	 ballistospore	 numbers	 in	 summer,	 leading	 to	
necrotic	 foliar	 lesions.	 As	 the	 temperature	 drops,	 chlamydospore	 production	
increases	 with	 dying	 plant	 tissue	 falling	 into	 the	 soil,	 resulting	 in	 increased	
chlamaydospore	inoculum	in	the	soil.	These	chlamydospores	are	then	the	mode	
of	 infection	 for	 parsnip	 root	 cankers,	 or	 act	 as	 long-lived	 structures	 to	 ensure	
survival	through	to	the	next	cropping	season.	
	
Itersonilia	 spp.	 is	 a	 dimorphic	 fungus,	 being	 isolated	 from	 hosts	 as	 a	 fungal	
pathogen	 but	 transitioning	 to	 a	 yeast	 phase	 after	 culturing.	 This	 study	 utilised	
transcriptome	 sequencing	 and	 gene	 expression	 analysis	 of	 both	 the	 yeast	 and	
fungal	 phase	 to	 identify	 up-regulated	 genes	 in	 the	 fungal	 phase,	 potentially	
relating	 to	 pathogenicity,	 and	 up-regulated	 genes	 in	 the	 yeast	 phase,	 possibly	




potential	 to	 improve	 accuracy	 and	 productivity	 in	 commercial	 seed	 testing.	
Although	further	experiments	to	determine	the	pathogenicity	of	 Itersonilia	spp.	
isolates	 on	 a	 range	 of	 hosts	 are	 required,	 the	 results	 observed	 here	 in	 the	
biological	and	molecular	characterisation	of	 isolates	do	not	support	the	current	








grow	 at	 low	 temperatures,	 whilst	 sporulation	 experiments	 identified	
temperature	to	have	limited	effect	on	spore	production	in	C.	destructans	isolates	
but	the	presence	of	UV	light	to	lead	to	a	significant	increase	in	spore	production	
in	M.	acerina	 isolates.	 This	 is	 also	 the	 first	 time	C.	 destructans	 and	M.	acerina	
isolates	 from	 parsnips	 hosts	 have	 been	 characterised	 using	 molecular	
techniques.	A	range	of	diversity	between	isolates	was	identified,	but	clades	were	
not	 delimited	 by	 host	 or	 pathogen	 species,	 therefore	 suggesting	 these	 two	
pathogens	are	part	of	a	species	complex	that	cannot	be	resolved	by	the	ITS	locus	
alone.	 	Further	multigene	sequence	data	 incorporating	additional	hosts,	as	well	





growers,	breeders	and	 the	wider	 industry.	All	 three	pathogens	were	confirmed	
as	being	able	to	grow	at	low	temperatures	and	produce	chlamydospores,	which	
are	 known	 to	 be	 able	 to	 survive	 from	one	 cropping	 season	 to	 the	 next.	 These	
aspects	are	 consistent	with	 the	high	prevalence	of	parsnip	 canker	observed	by	
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growers	during	winter.	However,	 the	 increased	growth	rate	of	all	pathogens	at	
high	 temperatures	 and	 the	 high	 spore	 production	 associated	 with	 summer	
conditions	suggest	these	pathogens	may	be	present	in	all	seasons.	Based	on	this	
information,	 developing	 targeted	 control	 approaches	 would	 be	 challenging.	
Consequently,	 the	 development	 of	 pathogen	 specific	 breeding	 programmes	
should	 provide	 a	 more	 robust	 and	 effective	 control	 strategy	 against	 parsnip	
canker.		
	
As	 described	 above,	 due	 to	 the	 lack	 of	 specific	 control	 methods	 for	 parsnip	
canker,	 long-term	 sustainable	 resistance	 to	 these	 three	 pathogens	 is	 highly	
desirable.	From	the	results	of	the	Itersonilia	spp.,	M.	acerina	and	C.	destructans	
isolate	 characterisation	 experiments,	 limited	 variation	 between	 isolates	 was	
observed.	Therefore,	a	single	representative	isolates	from	each	of	these	species	
was	 selected	 for	 use	 in	 breeding	 experiments	 to	 assess	 levels	 of	 resistance	 in	
parsnip	 lines.	 Novel	 parsnip	 root	 and	 seedling	 assays	 were	 developed	 in	 this	
study	 to	 determine	 levels	 of	 resistance	within	 parsnip	 populations.	 The	 results	
indicated	 a	 range	 of	 resistance	 within	 parsnip	 populations	 in	 response	 to	 the	
three	 pathogens	 investigated.	 Through	 previous	 consultation	 with	 growers,	
Elsoms	Seed	Ltd	focussed	efforts	on	resistance	to	I.	pastinacae	and	M.	acerina.	A	








population.	 A	 significant	 QTL	 on	 linkage	 group	 6	 for	 the	 2014/15	 season	M.	
acerina	 phenotype	 data	 was	 identified.	 The	 variance	 explained	 by	 this	 QTL	
suggests	other	loci	may	also	contribute	to	the	observed	resistance;	however,	no	








breeding.	 By	 selecting	 different	 parent	 lines,	 a	 more	 informative	 segregating	
population	 could	 be	 developed	 to	 map	 resistance	 for	 I.	 pastinacae	 and	 C.	
destructans,	 as	 P20	 and	 P22	 did	 not	 segregate	 for	 resistance	 to	 these	 two	
pathogens.		
	
Future	work	 could	 follow	 different	 directions.	 First,	 this	 study	 designed	 robust	
methods	 for	 identifying	 the	 causal	 agents	 of	 parsnip	 canker	 through	 root	
isolations,	 and	 molecular	 identification.	 However,	 as	 chlamydospores	 are	 the	
primary	source	of	 root	 infection,	 there	 is	a	need	to	design	a	quantitative	assay	
for	 assessing	 the	 concentrations	of	 these	primary	 fungal	 pathogens	 in	 the	 soil.	
Using	 the	 whole	 genome	 sequences	 of	 I.	 pastinacae	 and	 M.	 acerina,	 q-PCR	
assays	could	be	developed	to	determine	the	specific	 levels	of	spores	within	the	
soil.	 In	addition,	given	that	for	 I.	pastinacae	ballistospores	are	 implicated	in	the	
transmission	of	 the	pathogen	 from	parsnip	 foliage	 to	 root,	 field	 spore	 trapping	
experiments	 combined	with	q-PCR	assays	 could	provide	 additional	 evidence	 to	
support	the	currently	hypothesised	mode	of	transmission.		
	
Second,	 Itersonilia	spp.,	M.	acerina	 and	C.	destructans	 are	all	 known	 to	have	a	
wide	 host	 range.	 However,	 there	 is	 currently	 limited	 evidence	 that	 isolates	
originating	from	one	host	could	infect	another,	different	host.	In	this	study	it	was	
shown	 that	 Itersonilia	 spp.	 isolates	 from	 other	 hosts	 could	 cause	 canker-like	
symptoms	 on	 parsnip	 roots,	 but	 it	 remains	 unclear	 whether	 Itersonilia	 spp.	
isolates	 from	 parsnip	 could	 cause	 canker-like	 symptoms	 on	 other	 hosts,	 or	
whether	 similar	 cross-species	 behaviour	 holds	 also	 for	 C.	 destructans	 and	M.	
	 223	
acerina	 isolates.	 For	 this,	 additional	 isolates	of	 each	pathogen	 from	a	 range	of	
hosts	would	be	required,	and	a	range	of	pathogenicity	experiments	designed.			
	
Third,	 the	 gene	 expression	 analysis	 of	 Itersonilia	 spp.	 fungal	 and	 yeast	 phases	
identified	up-regulated	and	down-regulated	genes	of	interest	that	could	relate	to	
pathogenicity	or	 the	morphological	 transition	between	phases.	Further	analysis	
is	 required	 to	 ascertain	 whether	 any	 gene	 loss	 occurs	 in	 the	 fungus-to-yeast	
transition.	 Evidence	of	 this	would	 support	 the	hypothesis	of	 Ingold	 (1984)	 that	
such	a	transition	is	irreversible.		
	
Finally,	 as	 previously	 described,	 the	 P20	 x	 P22	 cross	 did	 not	 segregate	 for	
resistance	 to	 I.	 pastinacae	 or	 C.	 destructans.	 By	 selecting	 different,	 more	




These	 future	 research	 directions	would	 generate	 further	 understanding	 of	 the	
main	 causative	 agents	 of	 parsnip	 canker,	 with	 substantial	 benefit	 for	 growers,	
breeders	and	the	general	 industry.	Furthermore,	the	developed	methods	might	
be	applicable	to	other	pathogens	and	different	hosts.	Although	substantial	work	


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table	 A.2	 –	 Effect	 of	 temperature	 on	 Itersonilia	 spp.	 growth	 rate.	 Tables	 of	
‘Tukey’	analysis	output	for	all	Itersonilia	spp.	isolates	(IP)	on	malt	agar	(MA)	from	
growth	rate	analysis	at	temperatures:	A)	0°C,	B)	5°C,	C)	10°C,	D)	15°C,	E)	20°C	and	




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table	 A.4	 –	 Effect	 of	 temperature	 on	 C.	 destructans	 growth	 rate.	 Tables	 of	
‘Tukey’	 analysis	 output	 for	 all	 C.	 destructans	 isolates	 (CD)	 on	 potato	 dextrose	
agar	(PDA)	from	growth	rate	analysis	at	temperatures:	A)	5°C,	B)	10°C,	C)	15°C,	D)	




































































































Table	 A.5	 –	 Effect	 of	 temperature	 on	 C.	 destructans	 growth	 rate.	 Tables	 of	
‘Tukey’	 analysis	 output	 for	 all	C.	 destructans	 isolates	 (CD)	 on	 Czapek	Dox	 agar	
(CDA)	 from	 growth	 rate	 analysis	 at	 temperatures:	 A)	 5°C,	 B)	 10°C,	 C)	 15°C,	 D)	




































































































‘Tukey’	 analysis	 output	 for	 all	 C.	 destructans	 isolates	 (CD)	 from	 spore	
quantification	analysis	at	temperatures:	A)	5°C,	B)	10°C,	C)	15°C,	D)	20°C	and	E)	










































































































analysis	 output	 for	 all	M.	 acerina	 isolates	 (MA)	 from	 growth	 rate	 analysis	 at	



















































































genotyping	 lines	 inoculated	 with	 I.	 pastinacae	 isolate	 IP10	 from	 2013/14.	 The	
degrees	of	freedom	(d.f.)	were	136.	
Number	 Line	 Log	transformed	REML	adjusted	mean	 5%	LSD	
1	 G215	 -0.9057	 a	
2	 G66	 -0.8549	 ab	
3	 G139	 -0.7749	 abc	
4	 G216	 -0.764	 abcd	
5	 G25	 -0.7619	 abcd	
6	 G27	 -0.7572	 abcd	
7	 G211	 -0.7281	 abcde	
8	 G11	 -0.7247	 abcde	
9	 G68	 -0.7093	 abcde	
10	 G51	 -0.706	 abcdef	
11	 G86	 -0.6363	 abcdefg	
12	 G203	 -0.6308	 abcdefg	
13	 G222	 -0.6284	 abcdefg	
14	 G80	 -0.627	 abcdefg	
15	 G288	 -0.6263	 abcdefg	
16	 G28	 -0.6216	 abcdefg	
17	 G292	 -0.6214	 abcdefg	
18	 G269	 -0.6211	 abcdefg	
19	 G217	 -0.6115	 abcdefg	
20	 G207	 -0.6028	 abcdefg	
21	 G105	 -0.5988	 abcdefg	
22	 G271	 -0.5954	 abcdefg	
23	 G47	 -0.5942	 abcdefg	
24	 G287	 -0.5864	 abcdefg	
25	 G274	 -0.5845	 abcdefg	
26	 G38	 -0.5742	 abcdefg	
27	 G72	 -0.5671	 abcdefg	
28	 G183	 -0.5668	 abcdefg	
29	 G201	 -0.5478	 abcdefg	
30	 G266	 -0.5477	 abcdefg	
31	 G6	 -0.5458	 abcdefg	
32	 G286	 -0.5454	 abcdefg	
33	 G34	 -0.5398	 abcdefg	
34	 G91	 -0.5379	 abcdefg	
35	 G270	 -0.5367	 abcdefg	
36	 G206	 -0.5267	 abcdefg	
37	 G124	 -0.5236	 abcdefg	
38	 G223	 -0.5129	 abcdefg	
39	 G21	 -0.5101	 abcdefg	
40	 G280	 -0.5079	 abcdefg	
41	 G26	 -0.5013	 abcdefg	
42	 G192	 -0.4981	 abcdefg	
43	 G30	 -0.4955	 abcdefg	
44	 G19	 -0.4912	 abcdefg	
45	 G262	 -0.4775	 abcdefgh	
46	 G236	 -0.4775	 abcdefgh	
47	 G237	 -0.4752	 abcdefgh	
	 256	
Number	 Line	 Log	transformed	REML	adjusted	mean	 5%	LSD	
48	 G256	 -0.474	 abcdefgh	
49	 G13	 -0.4735	 abcdefgh	
50	 G54	 -0.4724	 abcdefgh	
51	 G140	 -0.4708	 abcdefgh	
52	 G190	 -0.4707	 abcdefgh	
53	 G144	 -0.4637	 abcdefgh	
54	 G258	 -0.4633	 abcdefgh	
55	 G31	 -0.4596	 abcdefgh	
56	 G89	 -0.4589	 abcdefgh	
57	 G234	 -0.4529	 abcdefgh	
58	 G153	 -0.4509	 abcdefgh	
59	 G199	 -0.4503	 abcdefgh	
60	 G15	 -0.4478	 abcdefgh	
61	 G268	 -0.4466	 abcdefgh	
62	 G79	 -0.4436	 abcdefgh	
63	 G273	 -0.4434	 abcdefgh	
64	 G77	 -0.4427	 abcdefgh	
65	 G251	 -0.4389	 abcdefgh	
66	 G119	 -0.4367	 abcdefgh	
67	 G103	 -0.4366	 abcdefgh	
68	 G108	 -0.4324	 abcdefgh	
69	 G35	 -0.4311	 abcdefgh	
70	 G1	 -0.4275	 abcdefgh	
71	 G62	 -0.4275	 abcdefgh	
72	 G69	 -0.4275	 abcdefgh	
73	 G221	 -0.423	 abcdefgh	
74	 G240	 -0.4221	 abcdefgh	
75	 G57	 -0.4202	 abcdefgh	
76	 G63	 -0.4152	 abcdefgh	
77	 G159	 -0.408	 abcdefgh	
78	 G249	 -0.407	 abcdefgh	
79	 G20	 -0.4049	 abcdefgh	
80	 G220	 -0.4025	 abcdefgh	
81	 G282	 -0.4025	 abcdefgh	
82	 G277	 -0.3917	 abcdefgh	
83	 G291	 -0.3912	 abcdefgh	
84	 G197	 -0.3907	 abcdefgh	
85	 G82	 -0.3817	 abcdefgh	
86	 G143	 -0.3796	 abcdefgh	
87	 G5	 -0.3786	 abcdefgh	
88	 G111	 -0.3765	 abcdefgh	
89	 G245	 -0.3706	 abcdefgh	
90	 G278	 -0.3699	 abcdefgh	
91	 G75	 -0.3691	 abcdefgh	
92	 G36	 -0.3631	 abcdefgh	
93	 G263	 -0.3626	 abcdefgh	
94	 G7	 -0.358	 abcdefgh	
95	 G233	 -0.3575	 abcdefgh	
96	 G259	 -0.354	 abcdefgh	
97	 G48	 -0.3531	 abcdefgh	
98	 G151	 -0.352	 abcdefgh	
99	 G142	 -0.338	 abcdefgh	
	 257	
Number	 Line	 Log	transformed	REML	adjusted	mean	 5%	LSD	
100	 G32	 -0.3344	 abcdefgh	
101	 G46	 -0.3341	 abcdefgh	
102	 G14	 -0.3267	 abcdefgh	
103	 G92	 -0.3261	 abcdefgh	
104	 G60	 -0.3247	 abcdefgh	
105	 G152	 -0.3098	 abcdefgh	
106	 G87	 -0.2977	 abcdefgh	
107	 G49	 -0.2967	 abcdefgh	
108	 G253	 -0.2954	 abcdefgh	
109	 G196	 -0.2936	 abcdefgh	
110	 G289	 -0.2894	 abcdefgh	
111	 G138	 -0.2852	 abcdefgh	
112	 G17	 -0.2791	 abcdefgh	
113	 G227	 -0.2787	 abcdefgh	
114	 G225	 -0.2785	 abcdefgh	
115	 G64	 -0.276	 bcdefgh	
116	 G219	 -0.2726	 bcdefgh	
117	 G230	 -0.2685	 bcdefgh	
118	 G184	 -0.2647	 bcdefgh	
119	 G3	 -0.2582	 bcdefgh	
120	 G39	 -0.251	 bcdefgh	
121	 G239	 -0.251	 bcdefgh	
122	 G281	 -0.2472	 bcdefgh	
123	 G243	 -0.2321	 bcdefgh	
124	 G210	 -0.2314	 bcdefgh	
125	 G59	 -0.2234	 cdefgh	
126	 G279	 -0.2207	 cdefgh	
127	 G218	 -0.2159	 cdefgh	
128	 G76	 -0.2157	 cdefgh	
129	 G248	 -0.1956	 cdefgh	
130	 G250	 -0.1722	 cdefgh	
131	 G257	 -0.1609	 cdefgh	
132	 G65	 -0.1511	 cdefgh	
133	 G267	 -0.1478	 cdefgh	
134	 G261	 -0.1465	 defgh	
135	 G247	 -0.1233	 efgh	
136	 G241	 -0.0788	 fgh	
137	 G212	 -0.0628	 gh	
138	 G58	 0.1452	 h	
d.f.	 136	 	 	









Number	 Line	 Log	transformed	REML	adjusted	mean	 5%	LSD	
1	 G211	 -0.566	 a	
2	 G80	 -0.5306	 ab	
3	 G271	 -0.5306	 ab	
4	 G245	 -0.5212	 ab	
5	 G288	 -0.5067	 abc	
6	 G159	 -0.4763	 abc	
7	 G190	 -0.4739	 abc	
8	 G227	 -0.472	 abc	
9	 G291	 -0.4704	 abc	
10	 G219	 -0.4557	 abc	
11	 G274	 -0.4469	 abc	
12	 G223	 -0.4441	 abc	
13	 G270	 -0.4428	 abc	
14	 G210	 -0.4397	 abc	
15	 G233	 -0.4345	 abc	
16	 G230	 -0.4294	 abc	
17	 G266	 -0.4233	 abc	
18	 G289	 -0.4208	 abc	
19	 G108	 -0.4147	 abc	
20	 G25	 -0.409	 abc	
21	 G259	 -0.3975	 abc	
22	 G21	 -0.3951	 abc	
23	 G262	 -0.3933	 abc	
24	 G267	 -0.393	 abc	
25	 G199	 -0.3922	 abc	
26	 G38	 -0.3879	 abc	
27	 G221	 -0.3867	 abc	
28	 G248	 -0.3716	 abc	
29	 G249	 -0.3622	 abc	
30	 G103	 -0.3532	 abc	
31	 G152	 -0.339	 abc	
32	 G279	 -0.3369	 abc	
33	 G28	 -0.3335	 abc	
34	 G225	 -0.326	 abc	
35	 G140	 -0.3236	 abc	
36	 G124	 -0.3203	 abc	
37	 G68	 -0.3191	 abc	
38	 G286	 -0.3183	 abc	
39	 G236	 -0.3161	 abc	
40	 G119	 -0.3122	 abc	
41	 G222	 -0.3111	 abc	
42	 G142	 -0.308	 abc	
43	 G261	 -0.3059	 abc	
44	 G48	 -0.3051	 abc	
45	 G89	 -0.3022	 abc	
46	 G184	 -0.3003	 abc	
47	 G91	 -0.2961	 abc	
	 259	
Number	 Line	 Log	transformed	REML	adjusted	mean	 5%	LSD	
48	 G216	 -0.2942	 abc	
49	 G19	 -0.2939	 abc	
50	 G257	 -0.2927	 abc	
51	 G256	 -0.2837	 abc	
52	 G59	 -0.2836	 abc	
53	 G217	 -0.2748	 abc	
54	 G269	 -0.2741	 abc	
55	 G111	 -0.2691	 abc	
56	 G218	 -0.2649	 abcd	
57	 G64	 -0.2604	 abcd	
58	 G239	 -0.2585	 abcd	
59	 G212	 -0.2514	 abcde	
60	 G282	 -0.2492	 abcde	
61	 G36	 -0.2469	 abcde	
62	 G47	 -0.2414	 abcde	
63	 G26	 -0.2368	 abcde	
64	 G278	 -0.2322	 abcde	
65	 G139	 -0.2312	 abcde	
66	 G250	 -0.2234	 abcde	
67	 G14	 -0.2224	 abcde	
68	 G263	 -0.2187	 abcde	
69	 G143	 -0.2178	 abcde	
70	 G72	 -0.2175	 abcde	
71	 G151	 -0.2174	 abcde	
72	 G241	 -0.2141	 abcde	
73	 G273	 -0.2097	 abcde	
74	 G144	 -0.2058	 abcde	
75	 G201	 -0.2053	 abcde	
76	 G196	 -0.2049	 abcde	
77	 G13	 -0.1993	 abcde	
78	 G215	 -0.1991	 abcde	
79	 G197	 -0.1959	 abcde	
80	 G39	 -0.1591	 abcde	
81	 G86	 -0.1392	 abcde	
82	 G35	 -0.133	 abcde	
83	 G57	 -0.1223	 abcde	
84	 G277	 -0.1216	 abcde	
85	 G54	 -0.1191	 abcde	
86	 G63	 -0.107	 abcde	
87	 G207	 -0.1039	 abcde	
88	 G6	 -0.1035	 abcde	
89	 G34	 -0.0949	 abcde	
90	 G105	 -0.0942	 abcde	
91	 G27	 -0.084	 abcde	
92	 G206	 -0.0737	 abcde	
93	 G258	 -0.073	 abcde	
94	 G20	 -0.0713	 abcde	
95	 G243	 -0.0684	 abcde	
96	 G76	 -0.0671	 abcde	
97	 G51	 -0.0652	 abcde	
98	 G77	 -0.0593	 abcde	
99	 G30	 -0.0577	 abcde	
	 260	
Number	 Line	 Log	transformed	REML	adjusted	mean	 5%	LSD	
100	 G292	 -0.0553	 abcde	
101	 G69	 -0.0542	 abcde	
102	 G203	 -0.054	 abcde	
103	 G66	 -0.0539	 abcde	
104	 G220	 -0.0466	 abcde	
105	 G75	 -0.0393	 abcde	
106	 G237	 -0.0373	 abcde	
107	 G31	 -0.0353	 abcde	
108	 G280	 -0.0331	 abcde	
109	 G287	 -0.03	 abcde	
110	 G240	 -0.0239	 abcde	
111	 G92	 -0.0182	 abcde	
112	 G1	 -0.0028	 abcde	
113	 G251	 -0.0026	 abcde	
114	 G138	 0.0006	 abcde	
115	 G32	 0.0041	 abcde	
116	 G11	 0.0263	 abcde	
117	 G87	 0.03	 abcde	
118	 G60	 0.0339	 abcde	
119	 G65	 0.0355	 abcde	
120	 G253	 0.036	 abcde	
121	 G62	 0.0449	 abcde	
122	 G153	 0.051	 abcde	
123	 G49	 0.0532	 abcde	
124	 G17	 0.0538	 abcde	
125	 G268	 0.0604	 abcde	
126	 G192	 0.0878	 abcde	
127	 G82	 0.0892	 abcde	
128	 G7	 0.1002	 abcde	
129	 G234	 0.1039	 abcde	
130	 G46	 0.1184	 abcde	
131	 G5	 0.1189	 abcde	
132	 G281	 0.1364	 abcde	
133	 G15	 0.148	 abcde	
134	 G3	 0.1616	 abcde	
135	 G183	 0.2081	 bcde	
136	 G58	 0.2606	 cde	
137	 G247	 0.5037	 de	
138	 G79	 0.5228	 e	
d.f.	 137	 	 	








on	 genotyping	 lines	 inoculated	 M.	 acerina	 isolate	 MA2	 from	 2013/14.	 The	
degrees	of	freedom	(d.f.)	were	137.	
Number	 Line	 Log	transformed	REML	adjusted	mean	 5%	LSD	
1	 G196	 -0.6435	 a	
2	 G77	 -0.616	 ab	
3	 G217	 -0.6079	 abc	
4	 G66	 -0.5971	 abcd	
5	 G72	 -0.5971	 abcd	
6	 G89	 -0.5626	 abcde	
7	 G223	 -0.5604	 abcde	
8	 G207	 -0.5546	 abcde	
9	 G286	 -0.5255	 abcdef	
10	 G80	 -0.5245	 abcdef	
11	 G17	 -0.5229	 abcdef	
12	 G263	 -0.5127	 abcdefg	
13	 G28	 -0.5121	 abcdefg	
14	 G203	 -0.506	 abcdefg	
15	 G221	 -0.4925	 abcdefg	
16	 G140	 -0.4852	 abcdefg	
17	 G287	 -0.4759	 abcdefgh	
18	 G266	 -0.4751	 abcdefgh	
19	 G138	 -0.4725	 abcdefgh	
20	 G240	 -0.4715	 abcdefgh	
21	 G68	 -0.4706	 abcdefghi	
22	 G75	 -0.4706	 abcdefghi	
23	 G82	 -0.4642	 abcdefghi	
24	 G20	 -0.4596	 abcdefghi	
25	 G142	 -0.4595	 abcdefghi	
26	 G32	 -0.4573	 abcdefghi	
27	 G108	 -0.4475	 abcdefghi	
28	 G38	 -0.4471	 abcdefghi	
29	 G259	 -0.4419	 abcdefghi	
30	 G268	 -0.4319	 abcdefghi	
31	 G87	 -0.4279	 abcdefghi	
32	 G197	 -0.4195	 abcdefghi	
33	 G237	 -0.4174	 abcdefghi	
34	 G201	 -0.4059	 abcdefghi	
35	 G36	 -0.3978	 abcdefghi	
36	 G292	 -0.3956	 abcdefghi	
37	 G251	 -0.3941	 abcdefghi	
38	 G289	 -0.394	 abcdefghi	
39	 G216	 -0.3937	 abcdefghi	
40	 G47	 -0.3829	 abcdefghi	
41	 G34	 -0.3828	 abcdefghi	
42	 G212	 -0.3786	 abcdefghi	
43	 G91	 -0.3755	 abcdefghi	
44	 G227	 -0.3751	 abcdefghi	
45	 G261	 -0.3697	 abcdefghi	
46	 G49	 -0.3688	 abcdefghi	
47	 G105	 -0.3587	 abcdefghi	
	 262	
Number	 Line	 Log	transformed	REML	adjusted	mean	 5%	LSD	
48	 G249	 -0.349	 abcdefghi	
49	 G6	 -0.3471	 abcdefghi	
50	 G262	 -0.3455	 abcdefghi	
51	 G124	 -0.3444	 abcdefghi	
52	 G269	 -0.3362	 abcdefghi	
53	 G219	 -0.3297	 abcdefghi	
54	 G119	 -0.3258	 abcdefghi	
55	 G288	 -0.3196	 abcdefghi	
56	 G143	 -0.2871	 abcdefghi	
57	 G159	 -0.2833	 abcdefghi	
58	 G236	 -0.2813	 abcdefghi	
59	 G271	 -0.2798	 abcdefghi	
60	 G273	 -0.277	 abcdefghi	
61	 G46	 -0.2717	 abcdefghi	
62	 G144	 -0.269	 abcdefghi	
63	 G86	 -0.2657	 abcdefghi	
64	 G31	 -0.2653	 abcdefghi	
65	 G258	 -0.2502	 abcdefghij	
66	 G278	 -0.2445	 abcdefghij	
67	 G27	 -0.2404	 abcdefghij	
68	 G25	 -0.24	 abcdefghij	
69	 G239	 -0.2387	 abcdefghij	
70	 G139	 -0.2376	 abcdefghij	
71	 G215	 -0.2375	 abcdefghij	
72	 G190	 -0.2373	 abcdefghij	
73	 G250	 -0.2338	 abcdefghij	
74	 G62	 -0.2329	 abcdefghij	
75	 G7	 -0.2329	 abcdefghij	
76	 G220	 -0.2302	 abcdefghij	
77	 G274	 -0.228	 abcdefghij	
78	 G3	 -0.2087	 abcdefghij	
79	 G253	 -0.2083	 abcdefghij	
80	 G13	 -0.1985	 abcdefghij	
81	 G245	 -0.1973	 abcdefghij	
82	 G241	 -0.1922	 abcdefghij	
83	 G111	 -0.1889	 abcdefghij	
84	 G233	 -0.181	 abcdefghij	
85	 G199	 -0.1692	 abcdefghij	
86	 G248	 -0.1601	 abcdefghij	
87	 G234	 -0.1597	 abcdefghij	
88	 G210	 -0.1597	 abcdefghij	
89	 G247	 -0.1569	 abcdefghij	
90	 G15	 -0.1551	 abcdefghij	
91	 G281	 -0.1518	 abcdefghij	
92	 G257	 -0.1473	 abcdefghij	
93	 G291	 -0.1409	 abcdefghij	
94	 G64	 -0.1361	 abcdefghij	
95	 G279	 -0.1336	 abcdefghij	
96	 G267	 -0.1179	 abcdefghij	
97	 G183	 -0.1004	 abcdefghij	
98	 G5	 -0.0996	 abcdefghij	
99	 G30	 -0.0964	 abcdefghij	
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Number	 Line	 Log	transformed	REML	adjusted	mean	 5%	LSD	
100	 G206	 -0.0953	 abcdefghij	
101	 G270	 -0.0854	 abcdefghij	
102	 G92	 -0.0788	 abcdefghij	
103	 G76	 -0.0766	 abcdefghij	
104	 G14	 -0.0731	 abcdefghij	
105	 G35	 -0.0709	 abcdefghij	
106	 G39	 -0.0607	 abcdefghij	
107	 G21	 -0.0486	 abcdefghij	
108	 G256	 -0.0454	 abcdefghij	
109	 G1	 -0.0428	 abcdefghij	
110	 G19	 -0.036	 abcdefghij	
111	 G277	 -0.0322	 abcdefghij	
112	 G54	 -0.0313	 abcdefghij	
113	 G153	 -0.0304	 abcdefghij	
114	 G152	 -0.0287	 abcdefghij	
115	 G65	 -0.0246	 abcdefghij	
116	 G280	 -0.0114	 abcdefghij	
117	 G222	 -0.0084	 abcdefghij	
118	 G51	 0.003	 abcdefghij	
119	 G184	 0.0051	 abcdefghij	
120	 G59	 0.0149	 abcdefghij	
121	 G63	 0.0158	 abcdefghij	
122	 G243	 0.0476	 bcdefghij	
123	 G282	 0.0496	 bcdefghij	
124	 G103	 0.0527	 bcdefghij	
125	 G48	 0.0641	 bcdefghij	
126	 G211	 0.0673	 cdefghij	
127	 G230	 0.083	 defghij	
128	 G57	 0.0873	 efghij	
129	 G26	 0.0987	 efghij	
130	 G11	 0.1317	 fghij	
131	 G218	 0.1393	 fghij	
132	 G225	 0.1475	 fghij	
133	 G60	 0.1532	 fghij	
134	 G69	 0.1687	 ghij	
135	 G79	 0.1995	 hij	
136	 G192	 0.2007	 hij	
137	 G151	 0.2114	 ij	
138	 G58	 0.4263	 j	
d.f.	 137	 	 	





on	genotyping	 lines	 inoculated	with	M.	acerina	 isolate	MA2	from	2014/15.	The	
degrees	of	freedom	(d.f.)	were	137.	
Number	 Line	 Log	transformed	REML	adjusted	mean	 5%	LSD	
1	 G257	 -0.3245	 a	
2	 G289	 -0.3197	 ab	
3	 G216	 -0.2635	 abc	
4	 G221	 -0.2529	 abc	
5	 G190	 -0.2102	 abc	
6	 G201	 -0.1981	 abc	
7	 G199	 -0.1955	 abc	
8	 G233	 -0.173	 abc	
9	 G249	 -0.1582	 abc	
10	 G245	 -0.1565	 abc	
11	 G271	 -0.1542	 abc	
12	 G280	 -0.1454	 abcd	
13	 G219	 -0.1449	 abcd	
14	 G192	 -0.1385	 abcd	
15	 G60	 -0.1304	 abcd	
16	 G230	 -0.1284	 abcd	
17	 G196	 -0.1226	 abcd	
18	 G142	 -0.1199	 abcd	
19	 G269	 -0.1196	 abcd	
20	 G210	 -0.1179	 abcd	
21	 G286	 -0.1119	 abcd	
22	 G46	 -0.1066	 abcd	
23	 G279	 -0.1058	 abcd	
24	 G91	 -0.0934	 abcd	
25	 G32	 -0.0926	 abcd	
26	 G211	 -0.0846	 abcd	
27	 G57	 -0.0807	 abcde	
28	 G144	 -0.0782	 abcde	
29	 G87	 -0.0671	 abcde	
30	 G31	 -0.0651	 abcde	
31	 G159	 -0.0637	 abcde	
32	 G262	 -0.0619	 abcde	
33	 G273	 -0.0591	 abcde	
34	 G263	 -0.054	 abcde	
35	 G27	 -0.0521	 abcde	
36	 G66	 -0.0472	 abcde	
37	 G197	 -0.0412	 abcde	
38	 G278	 -0.0332	 abcde	
39	 G267	 -0.0325	 abcde	
40	 G58	 -0.0302	 abcde	
41	 G119	 -0.0282	 abcde	
42	 G17	 -0.0145	 abcde	
43	 G268	 -0.0137	 abcde	
44	 G21	 -0.013	 abcde	
45	 G86	 -0.0123	 abcde	
46	 G291	 -0.0088	 abcde	
47	 G207	 -0.0009	 abcde	
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Number	 Line	 Log	transformed	REML	adjusted	mean	 5%	LSD	
48	 G25	 0.0001	 abcde	
49	 G218	 0.0022	 abcde	
50	 G39	 0.0025	 abcde	
51	 G5	 0.0093	 abcde	
52	 G26	 0.0108	 abcde	
53	 G64	 0.0128	 abcde	
54	 G3	 0.0141	 abcde	
55	 G151	 0.0155	 abcde	
56	 G223	 0.0218	 abcde	
57	 G38	 0.0235	 abcde	
58	 G217	 0.0242	 abcde	
59	 G36	 0.0246	 abcde	
60	 G92	 0.0264	 abcde	
61	 G47	 0.03	 abcde	
62	 G236	 0.0302	 abcde	
63	 G274	 0.0308	 abcde	
64	 G105	 0.0323	 abcde	
65	 G243	 0.0329	 abcde	
66	 G28	 0.0343	 abcde	
67	 G76	 0.0371	 abcde	
68	 G124	 0.0373	 abcde	
69	 G225	 0.0414	 abcde	
70	 G227	 0.0431	 abcde	
71	 G140	 0.0445	 abcde	
72	 G258	 0.048	 abcde	
73	 G234	 0.0538	 abcde	
74	 G82	 0.0573	 abcde	
75	 G68	 0.0599	 abcde	
76	 G261	 0.0609	 abcde	
77	 G251	 0.0623	 abcde	
78	 G240	 0.0628	 abcde	
79	 G49	 0.0642	 abcde	
80	 G69	 0.0657	 abcde	
81	 G292	 0.0671	 abcde	
82	 G103	 0.0696	 abcde	
83	 G72	 0.0703	 abcde	
84	 G287	 0.0723	 abcde	
85	 G54	 0.0749	 abcde	
86	 G256	 0.0765	 abcde	
87	 G270	 0.0772	 abcde	
88	 G206	 0.0795	 abcde	
89	 G80	 0.0855	 abcde	
90	 G89	 0.0882	 abcde	
91	 G215	 0.0897	 abcde	
92	 G239	 0.096	 abcde	
93	 G1	 0.1095	 abcde	
94	 G288	 0.1221	 abcde	
95	 G143	 0.1226	 abcde	
96	 G108	 0.123	 abcde	
97	 G111	 0.1311	 abcde	
98	 G34	 0.1321	 abcde	
99	 G13	 0.1542	 abcde	
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Number	 Line	 Log	transformed	REML	adjusted	mean	 5%	LSD	
100	 G77	 0.1598	 abcde	
101	 G248	 0.1697	 abcde	
102	 G139	 0.1704	 abcde	
103	 G30	 0.1762	 abcde	
104	 G259	 0.179	 abcde	
105	 G75	 0.1842	 abcde	
106	 G19	 0.1975	 abcde	
107	 G20	 0.2065	 abcde	
108	 G153	 0.2073	 abcde	
109	 G152	 0.2108	 abcde	
110	 G35	 0.2195	 abcde	
111	 G183	 0.2238	 abcde	
112	 G63	 0.2317	 abcde	
113	 G250	 0.2344	 abcde	
114	 G266	 0.2352	 abcde	
115	 G281	 0.2356	 abcde	
116	 G237	 0.2425	 abcde	
117	 G51	 0.2459	 abcde	
118	 G11	 0.2523	 abcde	
119	 G138	 0.2615	 abcde	
120	 G48	 0.268	 abcde	
121	 G62	 0.2711	 abcde	
122	 G253	 0.2747	 abcde	
123	 G7	 0.2819	 abcde	
124	 G59	 0.2833	 abcde	
125	 G184	 0.285	 abcde	
126	 G6	 0.2904	 abcde	
127	 G277	 0.2916	 abcde	
128	 G220	 0.2926	 abcde	
129	 G15	 0.2936	 abcde	
130	 G212	 0.3014	 abcde	
131	 G222	 0.3065	 abcde	
132	 G282	 0.3124	 abcde	
133	 G203	 0.3242	 abcde	
134	 G241	 0.3436	 bcde	
135	 G79	 0.3854	 cde	
136	 G247	 0.3999	 cde	
137	 G14	 0.5138	 de	
138	 G65	 0.5825	 e	
d.f.	 137	 	 	





on	genotyping	 lines	 inoculated	with	M.	acerina	 isolate	MA2	from	2015/16.	The	
degrees	of	freedom	(d.f.)	were	126.	
Number	 Line	 Log	transformed	REML	adjusted	mean	 5%	LSD	
1	 G267	 -0.537	 a	
2	 G268	 -0.513	 ab	
3	 G28	 -0.4664	 abc	
4	 G62	 -0.4491	 abcd	
5	 G46	 -0.4264	 abcd	
6	 G80	 -0.4082	 abcde	
7	 G35	 -0.3843	 abcdef	
8	 G77	 -0.3674	 abcdef	
9	 G207	 -0.3501	 abcdef	
10	 G19	 -0.321	 abcdefg	
11	 G219	 -0.3083	 abcdefgh	
12	 G201	 -0.2999	 abcdefgh	
13	 G39	 -0.2848	 abcdefghi	
14	 G217	 -0.2798	 abcdefghi	
15	 G221	 -0.2728	 abcdefghi	
16	 G60	 -0.26	 abcdefghi	
17	 G3	 -0.2582	 abcdefghij	
18	 G266	 -0.2275	 abcdefghijk	
19	 G27	 -0.2187	 abcdefghijk	
20	 G273	 -0.1817	 abcdefghijk	
21	 G196	 -0.1811	 abcdefghijk	
22	 G279	 -0.1808	 abcdefghijk	
23	 G48	 -0.1796	 abcdefghijk	
24	 G280	 -0.1789	 abcdefghijk	
25	 G5	 -0.1764	 abcdefghijk	
26	 G151	 -0.1756	 abcdefghijk	
27	 G220	 -0.1694	 abcdefghijk	
28	 G20	 -0.1581	 abcdefghijk	
29	 G79	 -0.1562	 abcdefghijk	
30	 G15	 -0.1509	 abcdefghijk	
31	 G278	 -0.1492	 abcdefghijk	
32	 G245	 -0.1373	 abcdefghijk	
33	 G269	 -0.1339	 abcdefghijk	
34	 G199	 -0.126	 abcdefghijk	
35	 G11	 -0.1183	 abcdefghijk	
36	 G227	 -0.1094	 abcdefghijk	
37	 G223	 -0.1087	 abcdefghijk	
38	 G257	 -0.106	 abcdefghijk	
39	 G139	 -0.0835	 abcdefghijk	
40	 G210	 -0.0801	 abcdefghijk	
41	 G263	 -0.0725	 abcdefghijk	
42	 G197	 -0.0672	 abcdefghijk	
43	 G54	 -0.06	 abcdefghijk	
44	 G144	 -0.0513	 abcdefghijk	
45	 G13	 -0.0362	 abcdefghijk	
46	 G152	 -0.0237	 abcdefghijk	
47	 G270	 -0.0106	 abcdefghijk	
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Number	 Line	 Log	transformed	REML	adjusted	mean	 5%	LSD	
48	 G183	 -0.0095	 abcdefghijk	
49	 G203	 -0.0074	 abcdefghijk	
50	 G65	 -0.0071	 abcdefghijk	
51	 G253	 -0.0067	 abcdefghijk	
52	 G271	 -0.0022	 abcdefghijk	
53	 G222	 0.0137	 abcdefghijk	
54	 G31	 0.0145	 abcdefghijk	
55	 G190	 0.0171	 abcdefghijk	
56	 G287	 0.0272	 abcdefghijk	
57	 G59	 0.029	 abcdefghijk	
58	 G14	 0.0455	 abcdefghijk	
59	 G17	 0.0473	 abcdefghijk	
60	 G206	 0.0473	 abcdefghijk	
61	 G212	 0.0473	 abcdefghijk	
62	 G261	 0.0473	 abcdefghijk	
63	 G262	 0.0473	 abcdefghijk	
64	 G30	 0.0473	 abcdefghijk	
65	 G47	 0.0473	 abcdefghijk	
66	 G68	 0.0473	 abcdefghijk	
67	 G91	 0.0473	 abcdefghijk	
68	 G89	 0.0577	 abcdefghijk	
69	 G103	 0.0705	 abcdefghijk	
70	 G216	 0.0727	 abcdefghijk	
71	 G286	 0.0761	 abcdefghijk	
72	 G86	 0.0917	 abcdefghijk	
73	 G51	 0.0932	 abcdefghijk	
74	 G66	 0.1064	 abcdefghijk	
75	 G233	 0.1126	 abcdefghijk	
76	 G140	 0.1137	 abcdefghijk	
77	 G159	 0.1157	 abcdefghijk	
78	 G76	 0.1204	 abcdefghijk	
79	 G289	 0.1208	 abcdefghijk	
80	 G258	 0.1273	 abcdefghijk	
81	 G119	 0.1276	 abcdefghijk	
82	 G111	 0.1389	 abcdefghijk	
83	 G58	 0.1444	 abcdefghijk	
84	 G256	 0.1479	 abcdefghijk	
85	 G138	 0.1489	 abcdefghijk	
86	 G274	 0.1516	 abcdefghijk	
87	 G32	 0.1532	 abcdefghijk	
88	 G236	 0.1574	 abcdefghijk	
89	 G237	 0.1652	 abcdefghijk	
90	 G259	 0.1672	 abcdefghijk	
91	 G218	 0.1817	 abcdefghijk	
92	 G230	 0.1844	 abcdefghijk	
93	 G153	 0.1891	 abcdefghijk	
94	 G108	 0.1931	 abcdefghijk	
95	 G215	 0.1938	 abcdefghijk	
96	 G49	 0.1965	 abcdefghijk	
97	 G1	 0.199	 abcdefghijk	
98	 G250	 0.2055	 abcdefghijk	
99	 G184	 0.2103	 abcdefghijk	
	 269	
Number	 Line	 Log	transformed	REML	adjusted	mean	 5%	LSD	
100	 G124	 0.2191	 abcdefghijk	
101	 G82	 0.2286	 abcdefghijk	
102	 G38	 0.2327	 abcdefghijk	
103	 G211	 0.247	 bcdefghijk	
104	 G105	 0.2499	 bcdefghijk	
105	 G34	 0.2534	 bcdefghijk	
106	 G292	 0.2605	 bcdefghijk	
107	 G251	 0.271	 cdefghijk	
108	 G277	 0.2719	 cdefghijk	
109	 G36	 0.2754	 cdefghijk	
110	 G142	 0.2788	 cdefghijk	
111	 G57	 0.282	 cdefghijk	
112	 G249	 0.2842	 cdefghijk	
113	 G240	 0.2843	 cdefghijk	
114	 G248	 0.2846	 cdefghijk	
115	 G26	 0.29	 cdefghijk	
116	 G72	 0.3007	 cdefghijk	
117	 G241	 0.3035	 cdefghijk	
118	 G192	 0.3496	 efghijk	
119	 G239	 0.36	 efghijk	
120	 G234	 0.3656	 efghijk	
121	 G69	 0.3722	 fghijk	
122	 G225	 0.378	 fghijk	
123	 G92	 0.3787	 fghijk	
124	 G6	 0.4351	 ghijk	
125	 G288	 0.4616	 hijk	
126	 G247	 0.4907	 ijk	
127	 G87	 0.5392	 k	
d.f.	 126	 	 	
5%	LSD	 0.1693	 	 	
	
	
	
